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Abstract 
Elizabeth Castle forms part of the South-East Granite Complex of Jersey, Channel Islands 
and is one of several multi-magma complexes in the region. The rocks have calc-alkaline 
signatures indicative of a subduction zone setting. In the western half of the Elizabeth 
Castle complex, the outcrops are wholly granophyre, while to the east, granophyre and 
minor monzogranite are intimately associated with diorite. The dioritic rocks form part of a 
layered series which is preserved at several localities. The layered diorites were initially 
intruded by multiple sub-horizontal granitic sheets. All contacts between the diorite and the 
granitic sheets are crenulate, indicating that the two were present as coexisting magmas. 
Fine-grained, dark margins in the diorites contain quench textures such as spherulitic 
plagioclase and acicular apatite, and are interpreted as chilled margins. 
At many contacts a narrow tonalitic marginal zone, with acicular amphiboles, is present. 
Field relationships suggest that this is a hybrid produced by interaction between coexisting 
dioritic and granitic magmas and this is confirmed by modelling based on geochemical data. 
It is proposed that within the marginal zones the presence of volatile-rich fluids, increased 
temperatures and a decrease in viscosity promoted chemical diffusion across the diorite- 
granite interface. The transfer of elements, together with the presence of volatiles, 
promoted the growth of hydrous mafic phases and suppressed crystallization of alkali 
feldspar. At the same time, fluid infiltration modified the composition of the dioritic magma. 
Field evidence indicates that these processes took place in a narrow time frame prior to 
further granitic intrusion. Parts of the sheeted complex were extensively disrupted by the 
later granitic intrusions, producing large areas rich in dioritic enclaves. Within these 
disrupted areas a grey inhomogeneous rock is encountered. Field and petrographic evidence 
suggest that this is a hybrid rock produced by the physical mixing of dioritic and granitic 
magmas. Linear chemical trends confirm this interpretation. Minor intrusions comprising 
red granite dykes, basic dykes, composite dykes and aplite sheets cut the complex. 
I 
Acknowledgements 
I would like to express my gratitude to my supervisor Stan Salmon (University of Derby) 
for all of his time, patience and encouragement. I know that without him as my guide I 
would have lost my way long ago. Recognition is also due to my internal and external 
supervisors Peter Regan (University of Derby) and George Rowbotham (Keele University), 
for all their guidance and support through the years. 
Thanks go to all of the academic and technical staff in the geology department at the 
University of Derby, especially to Pete Joy who made what must have seemed like an 
endless supply of thin sections. The research students have been great company and 
support, especially those who worked in T114. Thank you for the endless coffee breaks. 
Special thanks must go to Tracey Powell, with whom I have had many inspiring 
conversations about my work and related topics. 
From Keele University, I would like to thank the academic and technical staff for all of their 
time and help, and for the use of the XRF and microprobe. I am sorry if it appeared that I 
managed to destroy every piece of technical equipment in the department. I especially have 
to thank David Emley who was there to help me at all times. Recognition also goes to 
David Wray from the University of Greenwich for the ICP work. 
Credit is due to Andrea, Diane and John at Pump and Package. In particular I must thank 
Julian Driver who helped me throughout the last few years. 
From Jersey, I would like to express my appreciation to Michael Day and the Jersey 
Heritage Trust for giving me permission to study the geology around Elizabeth Castle. 
Thanks also goes to the guardien of the castle, David Lewis, for whom nothing was too 
much trouble. Simon Allen helped me immensely when I first arrived on the island and 
supplied the samples of Fort Regent granophyre. It was with great sadness that I heard of 
his death. 
I would like to show appreciation to all of the friends that I have made during this journey, 
wherever they may be. In particular I need to express gratitude to Sam, Daniel, Stuart and 
Sarah; you have all given so much for so little in return. I am indebted to my family, 
especially my mum, dad and Bruce who have been a massive support. Without your love I 
would not be here now. 
This thesis is dedicated to the memory of my gran, Elizabeth Keightley, who died in 
February 2000. I know she desperately wanted to see me reach the end of this chapter of 
my life. 
The project was funded by the Centre for Environmental, Earth and Applied Science 
Research at the University of Derby. This support is gratefully acknowledged. 
II 
Table of Contents 
Page 
Abstract 1 
Acknowledgements II 
List of Figures VIII 
List of Tables x 
List of Plates xi 
Chapter 1 Introduction 1 
1.1. Introduction 1 
1.2. Regional geological setting 3 
1.3. Geology of Jersey 5 
1.4. Aims and objectives 8 
1.4.1. Techniques to be used 9 
Chapter 2 Field Relationships 10 
2.1. Introduction 10 
2.2. Description of rock types 12 
2.2.1. Diorite 12 
Fine-diorite 12 
Porphyritic diorite 12 
Monzodiorite 14 
Coarse Diorite 14 
Minor diorite variants 14 
2.2.2. Granitic rocks 14 
Western granophyre 16 
Eastern granophyre 16 
Monzogranite 16 
2.2.3. Hybrid rocks 16 
Grey hybrid 16 
III 
Page 
Tonalitic hybrid 18 
2.2.4. Red Granite 18 
2.3. Contact relationships 18 
2.3.1. Contact relationships between the granitic rocks 21 
2.3.2. Contact relationships between granitic rocks and diorite 21 
2.3.3. Discussion 23 
2.4. Field descriptions 25 
2.4.1. North-western area 26 
Summary 26 
Discussion 29 
2.4.2. Eastern area 30 
Summary 36 
Discussion 37 
2.4.3. The Hermitage 38 
Eastern Hermitage 38 
Summary 41 
Discussion 43 
Western Hermitage 44 
Western Hermitage-area A 44 
Summary 50 
Western Hermitage-area B 50 
Summary 52 
Western Hermitage-area C 54 
Summary 54 
Western Hermitage-area D 56 
Summary 56 
Discussion 56 
2.4.4. South-western area 60 
Summary 61 
IV 
Page 
Discussion 61 
2.2.5. Summary of field relationships 64 
Chapter 3 Petrography 69 
3.1. Introduction 69 
3.1.1. Modal analysis 69 
3.2. Granitic rocks 70 
3.2.1. Eastern granophyre 70 
3.2.2. Western granophyre 72 
3.2.3. Monzogranite 74 
3.2.4. Red Granite 75 
3.2.5. Discussion 77 
3.3. Dioritic rocks 81 
3.3.1. Fine-diorite 81 
3.3.2. Monzodiorite 83 
3.3.3. Porphyritic diorite 84 
3.3.4. Coarse diorite 86 
3.3.5. Fine-grained margins 86 
3.3.6. Discussion 88 
3.4. Hybrid rocks 90 
3.4.1. Tonalitic hybrid 92 
3.4.2. Grey hybrid 92 
3.4.3. Discussion 95 
3.5. Summary 96 
Chapter 4 Geochemistry 97 
4.1. Introduction 97 
4.2. Tectonic setting 98 
4.3. Major element chemistry 101 
4.3.1. Discussion 104 
V 
Page 
4.4. Trace element chemistry 106 
4.4.1. Discussion 109 
4.5. Summary 113 
4.6. Rare earth elements 114 
4.6.1. Discussion 117 
4.7. Summary 118 
Chapter 5 Amphiboles 120 
5.1. Introduction 120 
5.2. Structure 120 
5.3. Amphibole compositions 122 
5.3.1. Discussion 128 
5.4. Substitutions 130 
5.5. Geobarometry and geothermometry 132 
5.6. Summary 136 
Chapter 6 Magma Rheology 137 
6.1. Introduction 137 
6.2. Viscosity 137 
6.2.1. Liquid viscosity 137 
6.2.2. Effective viscosity 139 
6.3. Temperature 139 
6.4. Density 140 
Chapter 7 Magmatic Interactions 144 
7.1. Introduction 144 
7.2. Magma-mixing 144 
7.2.1. Langmuir mixing diagrams 144 
7.2.2. Normalized mixing diagrams 146 
7.2.3. Discussion 152 
VI 
Page 
7.3. Melt modification 153 
7.3.1. Chemical exchange 153 
Diffusion 161 
Infiltration 165 
7.3.2. Discussion 167 
7.4. Summary 168 
Chapter 8 Conclusions 170 
8.1. Conclusions of research 170 
8.2. Implications of research 171 
Bibliography 173 
Appendix A: Modal Mineralogy Al 
Appendix B: XRF geochemistry B1 
Appendix C: ICP geochemistry Cl 
Appendix D: Amphibole analyses D1 
Appendix E: Viscosity formula E1 
Appendix F: Density formula F1 
VII 
List of Figures 
Figure 
Page 
1.1. Map showing the location of Jersey in relation to the other 4 
Channel Islands, France and the UK 
1.2. Geological map of Jersey 4 
2.1. Geological map of Elizabeth Castle 11 
2.2. Sketch defining the terminology of contact relationships 22 
2.3. Map showing the locations of geographical areas 27 
2.4. Map showing the locations in the eastern area 31 
2.5. Map showing the locations at the Hermitage 38 
2.6. Cartoon diagram to show the order of magmatic 65 
emplacement in the complex 
3.1. QAP diagram 69 
3.2. Sketch of feldspar textures 71 
3.3. Sketch of granophyric texture 73 
4.1. AFM diagrams 99 
4.2. Y vs Nb diagram 100 
4.3. Y+Nb vs Rb diagram 100 
4.4. Harker diagrams, silica vs wt % oxides 102 
4.5. Silica vs trace element diagrams 107 
4.6. Rare earth element diagram 115 
4.7. Ce vs Ce/Yb (normalised) 116 
5.1. Na vs Na+Ca, amphiboles 123 
5.2. Si vs Mg/Mg+Fe, amphiboles 123 
5.3. AP vs A1"1, amphiboles 125 
5.4. Si vs (Na+Ca+K), amphiboles 125 
5.5. Si vs Al"q amphiboles 126 
VIII 
Figure Page 
5.6. Si vs, AlT, amphiboles 126 
5.7. Si vs Ti, amphiboles 127 
5.8. Si vs Al", amphiboles 127 
5.9. Na+K vs Al", amphiboles 131 
5.10. AT+A1"'+Fe3+2Ti vs Al'", amphiboles 131 
5.11. Aluminium in hornblende vs pressure 133 
6.1. Liquid viscosity for rocks from Elizabeth Castle 138 
6.2. Effective viscosity diagrams for fine-diorite 138 
6.3. Densities for rocks from Elizabeth Castle 141 
7.1. Selected Harker diagrams 145 
7.2. Rb/K vs Rb diagram 147 
7.3. Rb/K vs 1/K companion plot 147 
7.4. Normalized mixing diagram 149 
7.5. Distance diagrams plotting composition across traverses in diorite 154 
7.6. Distance diagrams plotting a traverse across eastern granophyre, 159 
tonalitic hybrid and diorite 
7.7. Element enrichment diagrams 162 
IX 
List of Tables 
Table Page 
3.1. Petrographic summary, eastern granophyre 72 
3.2. Petrographic summary, western granophyre 74 
3.3. Petrographic summary, monzogranite 75 
3.4. Petrographic summary, red granite 77 
3.5. Petrographic summary, fine-diorite 81 
3.6. Petrographic summary, monzodiorite 83 
3.7. Petrographic summary, porphyritic diorite 84 
3.8. Petrographic summary, coarse diorite 86 
3.9. Petrographic summary, tonalitic hybrid 92 
3.10. Petrographic summary, grey hybrid 94 
5.1. Microprobe data for amphiboles 121 
5.2. Amphibole thermometry 135 
7.1. Results of normalized mixing calculations, tonalitic hybrid 150 
7.2. Results of normalized mixing calculations, grey hybrid 151 
X 
List of Plates 
Plate Page 
1.1. View of Elizabeth Castle 0 
1.2. View of the Hermitage 0 
2.1. Texture of fine-diorite 13 
2.2. Texture of porphyritic diorite 13 
2.3. Texture of monzodiorite 15 
2.4. Plagioclase phenocrysts in coarse diorite 15 
2.5. Texture of western granophyre 17 
2.6. Texture of eastern granophyre 17 
2.7. Texture of grey hybrid 19 
2.8. Texture of tonalitic hybrid 19 
2.9. Texture of red granite 20. 
2.10. Crenulate contact between fine-diorite and granitic rock 20 
2.11. Planar contacts between diorite and granitic rock 24 
2.12. Coarse diorite and granitic rock interface 24 
2.13. Contact between western granophyre and eastern granophyre 28 
2.14. Planar granophyre vein intruding diorite enclave 33 
2.15. Granophyre vein intruding a diorite enclave 34 
2.16. Orientated diorite enclaves 34 
2.17. Several types of diorite in close proximity with each other 40 
2.18. Contact between grey hybrid and granitic rock 40 
2.19. Double enclave 42 
2.20. Southern side of the eastern Hermitage 42 
2.21. Granitic sheets and diorite 45 
2.22. Contact between granitic sheet and porphyritic diorite 45 
2.23. Tonalitic hybrid between diorite and granitic rock 47 
2.24. Contact between dark red monzogranite and granophyre sheet 47 
2.25. Apophysis passing through diorite layer 49 
2.26. Contact between granitic rocks 51 
XI 
Plate Page 
2.27. Area B from a distance 51 
2.28. Fine-granophyre intruding area B 53 
2.29. Tonalitic hybrid, monzogranite and monzodiorite 53 
2.30. Contact between red monzogranite and eastern granophyre 55 
2.31. Composite dyke 55 
2.32. Contact relationships between porphyritic diorite, tonalitic hybrid 62 
and monzogranite 
2.33. Granitic pipes 62 
2.34. Orientated diorite enclaves 63 
3.1. Chequered texture in plagioclase 71 
3.2. Granophyric texture in eastern granophyre 73 
3.3. Granophyric texture in western granophyre 76 
3.4. Embayed crystal in monzogranite 76 
3.5. Texture of fine-diorite 82 
3.6. Acicular apatite crystals 82 
3.7. Texture of monzodiorite 85 
3.8. Plagioclase phenocryst in porphyritic diorite 85 
3.9. Open spherulitic texture in porphyritic diorite 87 
3.10. Texture of coarse diorite 87 
3.11. Texture of tonalitic hybrid 91 
3.12. Zoned amphibole in tonalitic hybrid 91 
3.13. Mafic clot in grey hybrid 93 
3.14. Open spherulite in grey hybrid 93 
XII 
hand-side of the photograph (published with the permission of Jersey Tourism). 
" 
q... " lw . ter rCt 
"_ 
ý 
. ý.. " 
Nate 1.2. `irý% ut the Ilei initage I! t In the .: J tlc" 
luul. inzý , uutIi 
outcrop on the left of the photograph. The outcrops to the right comprise the western Hermitage. 
0 
Plate I. I. View of Elizabeth Castle at high-tide looking south-west. the Hermitage is in the top left 
Chapter 1: Introduction 
1.1. Introduction 
Hybrid rocks are increasingly being recognised as the product of interactions between 
coexisting mafic and felsic magmas in both plutonic and volcanic settings. Some rocks with 
intermediate compositions have been generated by the complete blending of two magmas 
but differences in magma rheology brought about by temperature, viscosity, density and 
chemical contrasts, often present a barrier to mixing. In these cases the rocks survive as 
separate entities with stable interfaces between them. Following the formation of interfaces, 
chemical exchange may take place between coexisting magmas. Processes involving 
coexisting magmas are reviewed and summarised in Didier and Barbarin (1991). 
Mafic-felsic associations have long provided an attraction to scientists. Early publications 
proposed the concept of mafic and felsic magmas forming mixed rocks (Harker, 1900) and 
since then interactions between coexisting magmas have been observed in a variety of 
volcanic and plutonic environments (e. g. Walker and Skelhorn, 1966; Gamble, 1979; Cook, 
1988; Blake and Koyaguchi 1991); though the relationships have been attributed to other 
processes including replacement and recrystallization (Reynolds, 1954) and metasomatism 
(Bishop, 1963). Previous studies in the Channel Islands have identified several multi-magma 
plutonic complexes (e. g. Elwell et al., 1962; D'Lemos, 1986; Salmon, 1998). Elizabeth 
Castle was chosen for this study because it is considered a classic example of coexisting 
magmas, and provides an opportunity to study interactions between plutonic igneous rocks 
in detail. 
Some confusion exists in the literature about the terms magma-mixing and magma-mingling 
(e. g. Gamble, 1979; Furman and Spera, 1985; Blake and Fink, 2000). Magma-mixing is the 
process whereby two magmas are physically blended to produce an intermediate hybrid. 
This process involves the exchange of crystals between the two magmas as a result of 
turbulence, which promotes and drives interaction. Processes that can result in mixing 
include convective overturn and the vigorous intrusion of one melt into another. The 
difference in the viscosity of the two end member magmas is probably the most important 
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rheological property as low-viscosity contrasts between magmas promote mixing while 
high-viscosity contrasts inhibit mixing and favour magma-mingling. 
Magma-mixing is distinct from magma-mingling, in which two or more magmas, often of 
contrasting composition, come together and survive as separate entities with stable 
interfaces between them. Characteristic features in plutonic rocks affected by magma- 
mingling include crenulate or irregular contacts, fine-grained margins in the basic rock, basic 
enclaves within acidic rocks and extensive veining of basic rock by acidic rock. Following 
magma-mingling chemical exchange may take place between the coexisting magmas. This 
involves processes such as diffusion and fluid infiltration. 
Diffusion is the movement of components from one point to another within a liquid or a 
solid in response to chemical and compositional gradients, such as between mafic and silicic 
melts. Elements diffuse through a magma at different rates and can move on both sides of 
contacts (Watson and Jurewicz, 1984; Zorpi et al., 1989; Eberz and Nicholls, 1990). The 
main problem with diffusion is that it is a very slow process and can only act over short 
distances in the time scales available. An increase in temperature in the granitic magma 
close to contacts with the hotter basic magma would lead to a decrease in viscosity. This 
would lead to higher diffusion rates in the granitic melt, but the presence of a chilled margin 
on the basic side would act as a barrier and lead to decreased rates. 
The presence of a hydrous fluid phase promotes the transfer of chemical species by 
decreasing the activation energy required for diffusion (Baker, 1991; Johannes and Holtz, 
1996). If the magmas are incompletely crystallized they will be permeable and infiltration of 
fluid will be possible through the interconnected pore space system between the crystal 
framework of the rock (D'Lemos, 1996; Petford et al, 1996; Sha, 1995). Infiltration 
accompanied by diffusion has the ability to affect much larger volumes and to operate at 
faster rates than diffusion. The main aim of this research project is to further knowledge in 
high-level magma chamber processes such as magma-mixing and magma-mingling. The 
research will investigate the igneous complex exposed at Elizabeth Castle and focus on the 
chemical and physical interactions involved in the formation of the hybrid rocks. 
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1.2. Regional geological setting 
Jersey is the largest of the Channel Islands and forms part of the North Armorican Massif, 
which is the type locality of the Cadomian orogenic belt (D'Lemos et al., 1990). The island 
lies off the north-west coast of France and has much in common geologically with Brittany, 
Normandy and the rest of the Channel Islands, which are also part of the Cadomian orogeny 
(Figure 1.1. ). This orogenic belt comprises a series of calc-alkaline complexes and marginal 
basin sediments that were situated above a southerly dipping, Andean-type subduction zone 
(Murphy and Nance, 1989; Brun and Bale, 1990; Dupret et al., 1990; Rabu et al, 1990; 
Treloar and Strachan, 1990). The rocks of the Cadomian orogeny span the period between 
c. 675 Ma and 425 Ma (Bland, 1984; Brown et al., 1990; Guerot and Peucat, 1990; Power 
et al., 1990). 
The oldest rocks in the North Armorican Massif are a series of basement gneisses, c. 2120 
Ma, that are found on Guernsey and in France at La Hague and Tregor (Adams, 1976; 
Samson and D'Lemos, 1998). Brioverian rocks that succeed the gneisses are dominated by 
sandstones, mudstones and siltstones. The sediments are believed to have been laid down in 
a variety of submarine-fan environments (Helm and Pickering, 1985; Denis and Dabard, 
1988). A series of rhyolites and andesites conformably overlay the Brioverian sediments in 
Normandy and Jersey (Duff, 1978). The earliest intrusive foliated quartz diorite and granite 
complexes are found in Guernsey, Alderney and Lower Normandy (Brown et al., 1990). 
The main phase of plutonic magmatism in the late Cadomian is typified by mixed-magma 
complexes, which were intruded in the late Precambrian to early Palaeozoic (Elwell et al., 
1962; D'Lemos, 1986). 
Cambrian to Ordovician red-bed sediments, comprising shallow-marine sandstones and 
conglomerates lie unconformably on the various components of the Cadomian orogeny. 
These are interpreted to have been deposited in a series of extensional basins (Went and 
Andrews, 1990). A detailed review of the geology and structural evolution of the Cadomian 
orogeny is presented by D'Lemos et al. (1990). 
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1.3. Geology of Jersey 
Early geological accounts of the geology of Jersey consist of a brief outline of the rock 
types with a few descriptions of the granitic rocks that are found across the island 
(MacCulloch, 1811). The first important papers published gave thorough accounts of the 
granitic rocks and volcanic rocks in the north of the island (Davies, 1879; Parkinson, 1898, 
1899), and were followed by additional publications that described in more detail the 
differing lithologies in Jersey (Plymen, 1920; Wells and Wooldridge, 1931; Wells and 
Bishop, 1955). It became increasingly apparent from these papers that complex interactions 
between the rock types would provide much future interest (Bishop and Key, 1983; Bland, 
1984; Topley and Brown, 1984; Key, 1987; Pembroke and D'Lemos, 1996; Salmon, 1998; 
Shortland et al., 1996). 
The oldest rocks to outcrop on Jersey belong to the Jersey Shale Formation, which 
comprise a series of Brioverian sediments. The formation comprises siltstones, mudstones, 
and sandstones, which are analogous to deposits formed in submarine-fan environment 
(Helm and Pickering, 1985). The Brioverian sediments are succeeded conformably in the 
east and north-east of the island by volcanic rocks dominated by andesite, ignimbrite and 
rhyolite (Lees and Roach, 1993). 
Three plutonic igneous complexes, the North-West, South-West and South-East Granite 
Complexes, intrude the sedimentary and volcanic rocks. The North-West granite is an 
annular complex which comprises an outer coarse granite, a porphyritic granodiorite and an 
inner microgranite. On the eastern side of the complex an aplogranite is found in 
association with basic and intermediate rocks (Salmon, 1998). The South-West complex is 
composed entirely of granitic rocks (Bland, 1984; Pembroke and D'Lemos, 1996). The 
original interpretations of contact relationships between coexisting magmas in these two 
complexes have been critically reviewed in recent years (Salmon, 1987,1992,1996,1998; 
Pembroke and D'Lemos, 1996). 
Four main granite intrusions are present in the South-East complex. These are the Dicq 
Granite, which passes gradationally with a reduction in megacrysts into the Longueville 
Granite. Post dating both of these are the Le Hocq-La Rocque Granite and a granophyre 
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which is exposed at Fort Regent and Elizabeth Castle. The South-East granite complex 
contains a much larger proportion of mafic rocks, of dioritic and gabbroic composition, than 
the other two granite complexes. Diverse contact relationships between the granite, diorite 
and gabbro have led to several different interpretations of their intrusive relationship (Bishop 
and Key, 1983; Topley and Brown, 1984; Shortland et al., 1996). 
Elizabeth Castle forms part of the western edge of the South-East Granite Complex (Figure 
1.2. ). Early field observations on Elizabeth Castle proposed that the granite flowed into a 
fine "diabase", and implied that corrosion of plagioclase and interpenetration of orthoclase 
by quartz was caused by acid fluids (Plymen, 1921). A close resemblance between the Fort 
Regent granophyre and the granite to the south-east of Elizabeth Castle was noted. Later 
publications acknowledged the presence of interactions between acid magma and basic rock 
across the south-eastern complex, but did not elaborate any further than the `phenomena' at 
Elizabeth Castle were similar to those that are found elsewhere on Jersey, at Ronez and 
Sorel Point (Wells and Wooldridge, 1931). 
Bishop (1954) drew attention to the complex interactions between granophyre and diorite at 
Elizabeth Castle, proposing that irregular contacts between them were produced by 
replacement, and that the wedge-shaped diorite enclaves were a consequence of magma- 
solid reactions. It was concluded that the phenomena could not be produced by either 
granitisation or magmatic action separately, but had to be the end product of a combination 
of the two processes. The diorites were also examined by Wells and Bishop (1954) who 
concentrated their observations on the granitic "sill-like sheets" and suggested that the highly 
irregular contacts and dark zones in the diorite were replacement boundaries. Further work 
proposed that dark-margins in the diorite were the product of reactions generated by 
chemical gradients across contacts between rock types of contrasting composition (Bishop, 
1963). 
Layered diorites in the South-East Granite Complex have been examined in detail (Bishop 
and Key, 1983). It has been proposed that gabbros were initially altered by solid-state 
recrystallization and then further affected by hydrous fluid phases released by neighbouring 
granitic plutons. This metasomatically converted the gabbros to their present diorite 
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mineralogy. Narrow dark-margins were produced by rapid reaction and recrystallization and 
the addition of silica and alkalis resulted in the acquisition of an intermediate chemical 
composition. This was contested by Topley and Brown (1984) who interpreted the field 
evidence, textures, mineralogy and geochemistry of the diorite as being of a primary igneous 
origin with the diorite crystallizing from a layered body of magma. They believed that it is 
difficult for a gabbro to be recrystallized during metasomatism by hydrous fluid phases from 
granitic magma, which would have temperatures substantially lower than the melting 
temperature of gabbroic rocks. Topley and Brown (1984) suggested that the model for the 
metasomatism, recrystallization and selective rheomorphism of a gabbro was highly complex 
and implausible. 
The possibility that the chemical variations observed between diorites, gabbros and appinites 
are the result of a magmatic origin was ruled out by Key (1987), who presented a complex 
model for the metasomatic alteration of a gabbroic sheet by an intrusive granite. This 
process converted the primary gabbroic mineralogy into an amphibole-rich assemblage. Key 
(1987) also suggested that chemical and mineralogical changes were the result of the solidus 
temperature of the metasomatic diorite being lowered to below ambient temperature. The 
melting was unable to destroy the relict layered structure but the process caused the diorite 
to recrystallise with an igneous texture and superimposed calc-alkaline characteristics on the 
complex. 
Following a brief visit, the Cadomian layered gabbro-diorite complexes of Guernsey and 
Jersey were discussed by Wiebe (1993), who stressed that the correct interpretation for the 
complex depends on the interpretation of the origin of the silicic rocks interlayered with the 
gabbro-diorites. Wiebe (1993) interpreted the contact relationships encountered at Elizabeth 
Castle to be the result of coexisting magmas, and also suggested that the granitic "veins" on 
Guernsey and Jersey have compositions of feldspar cumulates and not solidified liquids. 
This interpretation led Wiebe to propose that the complexes in the Channel Islands formed 
by the multiple injections of basic magma into silicic magma chambers. 
The most recent publication (Shortland et al., 1996) suggests that the granitic rocks were 
intrusive into diorite at Elizabeth Castle. In localised areas, sub-horizontal granitic sheets 
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intrude the diorite, while across the majority of the complex varieties of diorite are found as 
irregularly shaped enclaves in granitic rock. Contacts between the diorite and granitic rocks 
are often crenulate, but planar and undulose margins are encountered. Crenulate interfaces 
frequently display chilled margins with quench textures. Back-veining of diorite by granitic 
rock is frequently observed. These contact relationships indicate that the rocks were initially 
present as coexisting magmas. A tonalitic hybrid is found intermittently along contacts 
between granitic rocks and diorite. It is proposed that this hybrid is formed from 
interactions between the dioritic and granitic magmas. 
1.4. Aims and objectives 
The aim of the project is to investigate interactions in high-level magma chambers using field 
relationships, petrography, and geochemistry. The research will focus on the physical and 
chemical processes involved in the formation of the hybrid rocks at Elizabeth Castle. The 
origin of the dioritic rocks and the sequence of mafic-felsic magma emplacement will also be 
established. This project will enhance knowledge of the geology of Jersey and, in a wider 
context, will contribute to a greater understanding of processes within multi-magma 
complexes. 
The objectives of this project can be defined as: 
1) to map the Elizabeth Castle Complex and determine how many rock types are present 
across the area; 
2) to examine the field relationships, focusing on interfaces between possible coexisting 
rock types and subsequent hybrid lithologies; 
3) to determine a sequence of emplacement into the complex; 
4) to investigate all of the rock types petrographically, including detailed examinations of 
the mineralogy, textures and contact relations between the lithologies; 
5) to assess whether the dioritic rocks have a magmatic or a metasomatic origin using 
mineralogy; 
6) to establish geochemically whether the diorite and granitic rocks are related, or if they 
originate from separate sources; 
7) to determine geochemically whether the hybrid rocks could have been formed between 
interaction of coexisting magmas; 
8 
8) to define the rheological properties of the rock types, using them to investigate the 
methods of magma emplacement; 
9) to model the processes that formed the grey hybrid and tonalitic hybrid. 
1.4.1 Techniques to be used 
The aims and objectives listed in section 1.4. will be examined using the following 
techniques: 
1) optical microscopy to determine the mineralogical and textural differences between the 
lithologies; 
2) x-ray fluorescence spectrometry (XRF) to analyse for major and trace elements and 
determine the geochemical relationship of the rock types; 
3) inductively coupled plasma emission mass spectrometry (ICP-MS) to analyse the rare 
earth elements and identify the origin of each of the major rock types; 
4) analysis using a Jeol JSM-35 scanning electron microscope to assess amphibole 
compositions in each of the rock types; 
5) geobarometry to determine the depth of emplacement of the complex; 
6) geothermometry to establish whether the amphiboles are igneous or metamorphic in 
origin; 
7) analysis of the rheological evolution of the rocks to establish the possibility of physical 
or chemical interactions between magmas; 
8) computer modelling to determine the formation of the hybrid rocks. 
9 
Chapter 2: Field Relationships 
2.1. Introduction 
Elizabeth Castle is situated approximately 1 km from St. Helier seafront in St. Aubins Bay, 
Jersey. The reefs surrounding the castle are the subject of this thesis and cover an area of 
approximately 800 metres by 950 metres. Exposure across the complex is excellent, with 
most of the reefs being intertidal; only where the rocks are covered by modern beach 
deposits and castle buildings is the exposure poor. Granitic rocks cover the majority of the 
area, mostly in the form of granophyre. In the western half of the complex granophyre alone 
occupies the reefs, while to the east granophyre and monzogranite are intimately associated 
with diorite (Figure 2.1. ). The granophyre to the east of Elizabeth Castle is very similar to 
the Fort Regent granophyre which outcrops a kilometre or so to the north-east, forming a 
prominent topographic feature and on the BGS map the rocks around Elizabeth Castle are 
shown as such (Bishop et al., 1982). 
Relatively unweathered rocks are found against the castle walls above the high-tide mark and 
on several up-standing exposures which range up to 25 metres in height. The most notable 
of these is the Hermitage, where much of the detailed investigation for this project was 
concentrated. The Hermitage is situated in the south of the area and consists of upstanding 
outcrops either side of the breakwater measuring in plan approximately 50 by 90 metres. On 
the eastern side a vertical face extends approximately 15 metres from the top of the 
breakwater. To the west the outcrop extends horizontally across from the upper surface of 
the breakwater. Emanating from this are two upstanding outcrops, one on the north west 
corner and one on the south east comer. Both rise for approximately 8 metres vertically 
above the top of the breakwater and extend in length for approximately 20 metres each. 
Contact relationships between the rocks at the Hermitage are different on either side of the 
breakwater. To the west the diorite forms a layered sequence which is intruded by granitic 
sheets, while the eastern Hermitage is more disrupted, with enclaves of diorite varying in 
shape and size surrounded by granitic rocks. 
10 
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Several different varieties of granite and diorite are found across the eastern area. When 
referring to the felsic or mafic rocks in general, the terms granitic rocks and diorite will be 
used. If a specific rock type is being discussed its name will be used in the text. 
The term "sheet" is used to describe sub-horizontal bodies of granitic rocks inter-dispersed 
in the diorite layers. Individual sheets are relatively planar and vary in width up to c. 1 
metre. They can be mapped right through the outcrops in a three dimensional manner. Over 
the majority of the eastern reefs diorite forms enclaves of varying shapes and sizes within the 
granitic rock. 
2.2. Descriptions of rock types 
2.2.1. Diorite 
Diorite and gabbro are encountered throughout the south-east igneous complex of Jersey 
(Wells and Bishop, 1955; Bishop, 1963; Bishop and Key, 1983; Topley and Brown, 1984). 
Across the eastern reefs at Elizabeth Castle, rocks of dioritic composition are found, mainly 
as enclaves within granitic rocks. These enclaves vary from a few centimetres to several 
metres in size and display a variety of contact relationships. At several localities, mainly in 
the south of the area, dioritic rocks outcrop as layered units. There are four main varieties 
of diorite: fine-diorite, monzodiorite, porphyritic diorite and coarse diorite. In addition, 
minor variants are also found. 
Fine-diorite 
Fine-diorite is the most abundant of the diorite varieties found across the complex (Plate 
2.1. ). It is dark-grey or grey-green, mesocratic, equigranular and has a grain size of 0.5-1 
mm. The mineralogy is dominated by lath-shaped plagioclase and subhedral amphibole. 
Minor minerals include chlorite and epidote, giving the rock a greenish tinge. 
Porphyritic diorite 
The porphyritic diorite (Plate 2.2. ) contains tabular, euhedral to subhedral, white plagioclase 
phenocrysts c. 2-4 mm in length. The equigranular groundmass is fine-grained and 
composed of subhedral interstitial amphibole and lath-shaped plagioclase. The presence of 
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Plate 2.1. Typical appearance of the fine-diorite. Coin is 2.5cm across. 
to 4mm in length. 
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Plate 2.2. Characteristic texture of the porphyritic diorite. The plagioclase phenocrysts are typically 
2 
white plagioclase phenocrysts within the melanocratic fine-grained groundmass gives the 
porphyritic diorite a white speckled appearance. 
Monzodiorite 
Some of the enclaves and diorite layers have a characteristic pink speckled texture (Plate 
2.3. ). The presence of interstitial quartz aggregates and fine-grained alkali feldspar 
comprising 5-10% of the groundmass cause this. Tabular plagioclase constitutes the bulk of 
the mineralogy of monzodiorite along with amphibole. 
Coarse diorite 
The coarse diorite is the most distinctive of the dioritic rocks found at Elizabeth Castle 
(Plate 2.4. ). Subhedral, 2-6 mm plagioclase phenocrysts are often lime green in colour. This 
distinctive colouration is the result of the alteration of plagioclase, possibly to epidote. The 
groundmass of the coarse diorite is mesocratic and consists of fine-grained amphibole with 
plagioclase. Coarse diorite frequently occurs as enclaves and is most evident around the 
Hermitage. 
Minor diorite variants 
Minor variants of the four main diorite lithologies are found across the entire eastern 
complex. Variants are usually found in the form of small enclaves (<10 cm). Coarse diorite 
variants are easily identified by differences in phenocryst abundance. Medium-grained 
variants of monzodiorite are distinctively speckled rocks found mainly in the north of the 
area. 
2.2.2. Granitic rocks 
The granitic rocks at Elizabeth Castle are classified on the basis of field relationships, 
mineralogy and grain-size. Most of the western exposures are composed of granophyre 
only, while across the eastern exposures the major felsic rock type is granophyre which is 
intercalated with enclaves and layers of diorite. Monzogranite is also found on the eastern 
side of the castle but is encountered mainly in the vicinity of the Hermitage. The contact 
between the granophyre to the west and the granophyre to the east of the castle strikes 
roughly north-south through the centre of the area. This contact is sufficiently abrupt along 
14 
Plate 2.3. Typical appearance of the monzodiorite with the distinctive speckled texture. 
The felsic patches are interstitial quartz and alkali feldspar. Coin is 2.5cm across. 
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phenocrysts, up to 10 mm in diameter. The phenocrysts are typically lime green in colour. 
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much of its length to be placed within c. 10 cm and is distinguished by a change in 
colouration in the granophyre, a higher concentration of joints on the western side and the 
presence of diorite enclaves to the east of the contact. The contact is distinguished at 
several localities by a gradational decrease over approximately 1 V2 metres in the proportion 
of diorite enclaves. 
Western granophyre 
The granophyre to the west of the complex is a deep pink colour and fine-grained with an 
equigranular groundmass dominated by pink subhedral alkali feldspar, subhedral plagioclase 
and quartz together with minor amounts of biotite (Plate 2.5. ). Joints are closely spaced, 2-5 
cm, in the western granophyre which resulted in the rocks being extensively weathered and 
difficult to sample. 
Eastern granophyre 
The eastern granophyre is pale pink, medium-grained, porphyritic and noticeably coarser 
grained than western granophyre (Plate 2.6. ). The rock is mainly composed of pink alkali 
feldspar, plagioclase, quartz and minor biotite. Phenocrysts of euhedral tabular plagioclase 
feldspar 4-9mm constitute 15-20% of the lithology. Occasionally rapakivi texture is present. 
Joints are not as frequent across the eastern granophyre reefs and are usually separated by 
10-15 cm. 
Monogranite 
Monzogranite is difficult to distinguish from the eastern granophyre in the field and can only 
be identified positively petrographically. The rock is similar in mineralogy to the eastern 
granophyre, is pale pink, medium-grained and contains phenocrysts of plagioclase. Grey, 
dark red and pale pink varieties of monzogranites are found. All varieties are medium- 
grained and contain plagioclase phenocrysts. 
2.2.3. Hybrid rocks 
Grey hybrid 
A grey hybrid lithology is present at the eastern Hermitage. This appears to be an extremely 
inhomogeneous mixture of granitic rock and diorite. The rock is medium-grained and 
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Plate 2.5. Typical texture of the fine-grained western granophyre. Coin is 2.5cm across. 
Plate 2.6. Eastern granophyre with a medium-grained groundmass and plagioclase phenocrysts. 
contains subhedral lime green and white plagioclase xenocrysts (3-5 mm) and contains less 
alkali feldspar than the granitic rocks (Plate 2.7. ). Small (2-3mm) clots of amphiboles and 
plagioclase, together with individual amphibole crystals and diorite enclaves enhance the 
grey colour of the rock. Mafic constituents comprise c. 15% of the grey hybrid. 
Tonalitic hybrid 
Another lithology believed to be hybrid in origin is occasionally found at contacts between 
diorite and granitic rocks (Plate 2.8. ). This is typically fine- to medium-grained and 
composed of tabular plagioclase, quartz, and acicular amphibole, with minor amounts of 
alkali-feldspar. The amphiboles vary in size from fine- to coarse-grained and give the 
predominantly creamy coloured hybrid a distinctive black, speckled texture. The grain size 
of the quartz and plagioclase varies from 0.25-2 mm which is concomitant with the grain size 
of the amphibole. Tonalitic hybrid is not found at every contact between granitic rocks and 
diorite, but when found it varies in thickness and is always discontinuous. 
A thin (1-3 mm) pink, alkali feldspar rich band is occasionally found either between diorite 
and hybrid or between hybrid and granophyre. This leucocratic zone is fine- to medium- 
grained and is composed of alkali feldspar, quartz and plagioclase. 
2.2.4. Red granite 
Across the eastern reefs red granite intrudes the granitic rocks and diorite as sub-vertical 
dykes (Plate 2.9. ). These dykes trend sub-parallel to each other approx. south-east/north- 
west, and range in thickness from <lm to 11 m. The red granite cross-cuts both granitic 
rocks and diorite. Red granite is fine- to medium-grained and composed of alkali feldspar, 
quartz, plagioclase and mafics. Mafic phases are scattered throughout the groundmass of 
the red granite. Its deeper red colouration and its concentrated joint spacing (3-4 cm) 
distinguish the lithology when compared to the surrounding granitic rocks. The closely 
spaced joint sets have resulted in the rock being highly weathered and difficult to sample. 
2.3. Contact relationships 
A wide variety of contact relationships are encountered across the complex, especially 
between the diorites and granitic rocks. The nature of the contacts are described using a 
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Plate 2.7. An example of the grey hybrid. Small enclaves, matic clots, amphiboles and plagioclase 
xenocrysts are found in a medium-grained groundmass. The grey hybrid appears to be an 
inhomogeneous mixture of diorite and granitic rocks. Coin is 2.5cm across. 
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Plate 2.8. Granitic rock (a) with tonalitic h}brid (h) and dioriitc 
composed of plagioclase and quartz with acicular amphiboles. 
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Plate 2.10. Example of a crenulate contact between fine-diorite and granitic rock. A narrow dark 
margin can be observed around the edge of the diorite. This is a chilled margin. 
series of terms. Three main types of contact are encountered, these are: planar, undulose 
and crenulate (Figure 2.2. a). The contacts may be diffuse or sharp (Figure 2.2. b). The 
shape of the enclave is also a distinguishing feature. They can be irregular, rounded, sub- 
rounded or angular (Figure 2.2. c). 
2.3.1. Contact relationships between the granitic rocks 
A contact between western granophyre and eastern granophyre trends approximately north- 
south through the centre of the complex. On a local scale the contact is undulose and can 
usually be placed within 5-10 cm. It is distinguished by a change in the colour in the granitic 
rocks and by closer joint spacing to the west of the contact. At several localities the position 
of the contact is less obvious and it is gradational over 1-3m. The most distinctive 
characteristic is the widespread presence of dioritic enclaves within the granophyre to the 
east of the contact and a lack of enclaves to the west. 
Contacts between granitic rocks are found at several localities around the Hermitage. 
Interfaces are usually sharp and are always undulose. 
2.3.2. Contact relationships between granitic rocks and diorite 
Contacts between the granitic rocks and diorites are either crenulate, undulose or planar. 
Frequently more than one contact type can be observed in a single enclave. The most 
distinctive contacts are crenulate, which are found at all interfaces between dioritic layers 
and granitic sheets and are also associated with dioritic enclaves. Crenulations vary in 
amplitude from a few millimetres to several centimetres, with a full range of crenulation sizes 
visible along individual contacts. 
Crenulate contacts are always sharp and the diorites exhibit a reduction in grain-size 
approaching the contact with the granitic rocks (Plate 2.10. ). This reduction in grain-size 
produces a dark, very fine-grained rim around the margins of diorite enclaves and layers. 
Dark-margins usually range from 1-10mm in width but are found up to 70mm. Although the 
grain-size of diorite increases away from the contact with granophyre it often remains fine- 
grained. Fine-grained margins are often difficult to observe in hand-specimen especially 
within fine-diorites, but where the margins have been subjected to weathering the contact is 
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Ai planar 
"ýj 
A ii undulose 
Bi diffuse 
Ci irregular 
ý: 
ý: 
C ii rounded 
B ii sharp 
C iii sub-rounded C iv angular 
Figure 2.2. Terminology used in the text: Ai to iii-contact shape; Bi to ii-contact sharpness; Ci to iv- 
enclave shape. 
A iii crenulate 
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often highlighted. They are especially prominent when associated with porphyritic diorite as 
plagioclase phenocrysts are not found within the fine-grained margins indicating that growth 
of porphyritic feldspars occurred post contact. 
Sharp planar or angular contacts are common (Plate 2.11. ). Fine-grained margins are not 
present at planar contacts. These contacts are most distinctive when found in association 
with coarse diorites, as plagioclase phenocrysts, indicative of this variety of diorite, are often 
truncated by the sharp contacts (Plate 2.12. ). The majority of enclaves with planar contacts 
are small (5-15 cm) and often appear to be fragments of larger enclaves that have been 
disrupted by the granitic rocks. 
2.3.3. Discussion 
The presence of crenulate, planar, undulose and chilled contacts within the same complex 
have been interpreted by many authors to be the result of interactions between coexisting 
acid and basic magmas (Wiebe, 1973,1980; Furman and Spera, 1985; D'Lemos, 1986). 
Crenulate margins are understood to be the result of physical interaction between two 
coexisting magmas (Wager & Bailey 1953; Blake et al., 1965; Vogel, 1982; Moyes, 1986; 
Cook, 1988; Petford et al., 1996) and are especially apparent between two magmas with 
strong thermal, compositional and rheological contrasts (Barbarin and Didier, 1991). 
Crenulate margins form when hotter magma contracts upon contact with cooler melt 
(Blundy and Sparks, 1992). Undulose contacts within veins of granite in Guernsey have 
been proposed by D'Lemos (1996) to indicate a low degree of rigidity between two 
magmas. Another interpretation is that undulose contacts are common between granitic 
rocks because acid magmas have high viscosities which prevent them from mixing (Hall, 
1987). A planar contact will form if the crystal content of magma exceeds approximately 
70%, after which point the magma behaves as a solid (Hibbard and Watters, 1985). 
A number of authors have postulated different origins for the presence of fine-grained 
margins. Wager and Bailey (1953) concluded that they were the result of the cooling of 
basaltic magma against acidic magma. This theory was based on the temperature range for 
basaltic magma being at least 100°C higher than that of acidic magma. It is now frequently 
implied that chilled margins are the result of thermal contrasts between coexisting magmas 
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Plate 2.12. Coarse diorite and granitic rock interface. Some of the plagioclase phenocrysts 
in the 
coarse diorite are truncated by the sharp, planar contact with the granitic rock. 
Coin is 2.5cm across. 
Pkiir 'IIf inr- iinritr ont-Livr, with nlanar ciintart< wtlh 1'raIlitIc rocks. I Ills Indicates that the 
(Bailey and McCallien, 1956; Gamble, 1979; Vogel, 1982; Furman and Spera, 1985; Moyes, 
1986; D'Lemos, 1986; Barbarin, 1988; Platevoet and Bonin, 1991; Deleris et al., 1996). 
Even with the support of many authors, this interpretation of the phenomenon needs to be 
viewed with caution as fine-grained margins have also been attributed to other processes. 
Reynolds (1951) interpreted dark-margins at acid-basic contacts in Slieve Gullion as having 
formed as a result of fusion followed by recrystallisation. It was also suggested by Reynolds 
(1951) that granitic veins were replacement veins and fine-grained marginal basic rocks were 
formed by recrystallisation. A metasomatic model was also preferred by Chapman (1962) 
who interpreted fine-grained margins to be the result of recrystallization by metasomatic 
replacement. Bishop (1963) recognised that chilling can occur where there is a temperature 
difference between magmas, but believed that the rocks on Jersey were too coarse-grained 
and the diorite could not have crystallized directly from magma. The diorite was also 
attributed by Bishop (1963) to have been produced from solid gabbro by recrystallization, as 
a result of reaction between the basic rock and incoming granite. Bishop, like Chapman, 
proposed that the fine-grained nature of enclaves was the result of marginal recrystallisation. 
This involved large chemical gradients and the migration of elements between contrasting 
compositions. It was also argued that the diorites from south-east Jersey had at no time 
been molten and that textures indicative of chilling are absent within the rocks. 
These differences in the interpretations of an origin for fine-grained margins mean that they 
have to be viewed in conjunction with other relationships. At Elizabeth Castle, the fine- 
grained margins at contacts are believed to be the result of coexisting magmas and the rapid 
nucleation of a hotter basic magma against cooler granitic magma. Crenulate, undulose and 
planar contacts in close proximity to each other are also interpreted as showing that 
contemporaneous magmas were present at Elizabeth Castle. 
2.4. Field descriptions 
Detailed descriptions of the areas around Elizabeth Castle are given in the following sections 
to present a complete picture of the complex relationships between the various lithological 
units. To aid in the description of the rock types and field relationships the complex has 
been divided into four geographical areas (Figure 2.3. ) 
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2.4.1. North-western area 
The north-western reefs (Figure 2.3. ) are predominantly low lying with only the outcrops 
against the walls of the castle and two outcrops to the far west of the area elevated to any 
height. At the north-west comer of the castle, enclaves of diorite exhibit spectacular 
tonalitic hybrid zones. A 12-25 cm granophyre sheet cuts through the diorite sub- 
horizontally. Tonalitic hybrids are present on both the upper and lower margins of the 
granophyre sheet but are predominantly found on the lower margin. The tonalitic hybrid is 
medium-grained with distinctive large acicular amphiboles and ranges from 3 to 8 cm' in 
width. A granophyre vein intrudes the coarse diorite sub-vertically. The vein is 12 to 14 cm 
wide and connects with the sub-horizontal granophyre sheet. Contacts between the diorite 
and vein are undulose. The sub-vertical vein has split the coarse diorite, as the enclave is 
symmetrical on either side of the granophyre. 
A granophyre enclave is found in a red granite dyke. The larger granophyre enclave contains 
smaller enclaves of diorite. These dioritic enclaves have undulose to planar contacts and are 
composed of monzodiorite and fine-diorite. Most of the enclaves are 2-5 cm in maximum 
dimension but some are larger, 8-15 cm. The granophyre enclave has sharp, undulose 
contacts with the red granite. 
In the southern part of the area a contact between the western granophyre and the eastern 
granophyre is encountered (Plate 2.13. ). Close examination reveals that the contact is 
gradational over 5-8 cm. The contact is not visible to the north as modem beach deposits 
cover the rocks, as it is for much of its length. When visible the contact can be seen to curve 
across the reefs in an irregular manner. 
Summary 
" The reefs are mainly composed of western granophyre, which has a gradational, irregular 
contact with granophyre to the east. 
" The eastern granophyre contains dioritic enclaves. Contacts between the granophyre 
rock and diorite are crenulate, undulose or planar. The western granophyre does not 
contain dioritic enclaves. 
" Tonalitic hybrid is discontinuously present between granophyre and diorite. 
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Plate 2.13. Looking south at the contact (defined by the dashed line) 
between the western granophyre (right) and the eastern granophyre (left). 
From a distance the interface appears sharp but when observed closely the 
contact is gradational and undulose. Hammer is 25cm in length. 
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" Red granite dykes intrude granophyre and diorite. The red granite intrusions contain 
enclaves of both diorite and granophyre. 
Discussion 
On the British Geological Survey map of Jersey the junction between the western 
granophyre and granitic rocks to the east is mapped as a faulted contact (Bishop et al., 
1982). There has been no evidence encountered for the displacement of the rocks and even 
though much of the contact is covered by modern beach deposits its irregular form and 
gradational nature is more indicative of a magmatic contact. Irregular margins have been 
attributed to coexisting magmas at many localities worldwide (Walker and Skelhom, 1966; 
Wiebe, 1973; Vogel et al., 1984; D'Lemos, 1986). It is unlikely that coexisting acid 
magmas would mix as a result of their high viscosities (Hall, 1987). Accordingly the 
undulose margin is the result of coexisting granitic magmas. 
Diorite enclaves with crenulate and chilled contacts are regarded as magmatic contacts, 
while enclaves with planar contacts indicate that a solidified body was disrupted by intrusive 
magma. The presence of both solid-magma and magma-magma contacts between diorite 
and granophyre leaves a question mark over the age relationships between the units. 
Tonalitic hybrid is occasionally found at granophyre and diorite interfaces which suggests 
that the tonalitic hybrid may have formed through interaction between these lithological 
units (Bishop and Bisson, 1989). Another explanation is that the tonalitic hybrid is a 
lithology in its own right. It is unlikely that the origin of the tonalitic hybrid can be resolved 
through field relationships alone. 
The presence of enclaves of granitic rock, diorite and tonalitic hybrid within red granite 
dykes show that the red granite is the youngest of the lithologies in the north-western area. 
2.4.2. Eastern area 
The area to the east of the castle (Figure 2.3. ) is predominantly composed of low-lying 
intertidal reefs that are mainly composed of granitic rocks and diorite. A series of 
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upstanding outcrops are punctuated through out the reefs, which for ease of reference have 
been allocated letters (Figure 2.4. ). 
To the north-east of the castle, the intertidal reefs are host to a series of interesting contact 
relationships and minor diorite lithologies (Figure 2.4. -A). There are several large angular 
enclaves, 5 to 8m in diameter have planar contacts with the surrounding granophyre. All of 
these enclaves are of monzodiorite composition, but are medium-grained so they appear 
leucocratic and speckled. One of the enclaves contains a granophyre pipe which is oval in 
cross-section (14x21 cm) and is composed of the same granophyre rock that surrounds the 
enclave. The felsic rock in the pipe contains small fragments (<1 cm) of diorite while the 
granophyre rock on the outside of the pipe does not contain any fragments. A thin c. Inun 
chilled margin is present in the monzodiorite surrounding the pipe. 
Just to the north of the large monzodiorite enclaves, the diorite enclaves contain sub-hedral 
to anhedral xenocrysts of alkali feldspar and quartz within a fine-grained groundmass. The 
majority of the xenocrysts, are 2-3 mm in width but several range up to 7 mm The larger 
xenocrysts have cores composed of quartz. All of the diorite enclaves that contain 
xenocrysts have wide, c. 3 cm, chilled margins. 
A red granite dyke intrudes the granitic rocks and diorite (Figure 2.4. -B). It contains <1-5 
mm dioritic fragments and small clots of mafic minerals. Enclaves of fine-diorite and 
monzodiorite are surrounded by red granite. Several of the larger enclaves, c. Im, have 
crenulate contacts on three margins while the fourth margin is planar. In close proximity to 
this planar contact are a number of small angular enclaves which are fragments of the larger 
enclave. 
Granophyre veins, the majority of which have planar contacts with the diorite, intrude 
several diorite enclaves. One enclave of fine-diorite has a crenulate contact with the 
granophyre. A 25 mm wide granophyre vein intrudes the centre of the enclave (Plate 2.14. ). 
The contacts between the diorite and the vein are sharp and planar. Planar granophyre veins 
also intrude other dioritic enclaves. All of the enclaves have chilled and crenulate outer 
contacts. One enclave has an 8mm wide planar granophyre vein that intrudes vertically 
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through the enclave for c. 21 cm. This vein then turns through 90° and continues through 
the enclave. The vein remains uniform in width throughout its length (Plate 2.15. ). Nearby, 
the erosion surface is parallel to the top of a granophyre sheet and as a result there are a 
series of small crenulate enclaves of diorite visible. These enclaves vary in length from 2-8 
cm, are elongate, parallel and orientated north-east/south-west (Plate 2.16. ). 
To the east a small outcrop protrudes above the level of the reefs (Figure 2.4. -C). Several 
red granite dykes, which strike 155°, intrude the granophyre and diorite around the 
upstanding outcrop. The intrusions range up to c. 14m in thickness and the contacts with 
the granitic rocks and diorite are sharp and undulose. Enclaves of coarse diorite and fine- 
diorite are sporadically found within the red granite together with occasional diorite 
enclaves which are discontinuously surrounded by granitic rock. 
At location D (Figure 2.4. ) large enclaves of porphyritic diorite with undulose to crenulate 
margins dominate the outcrop. Some of the enclaves are discontinuously surrounded by 
tonalitic hybrid. To the east of this upstanding outcrop two c. 8m wide red granite dykes 
trend sub-parallel to each other. The red granite contains a few enclaves of diorite and is 
intensely jointed. Contacts between the red granite and surrounding granophyre and diorite 
are undulose and sharp. 
South-west of the corner of the castle walls the outcrop is elevated above the level of the 
reefs (Figure 2.4. -E). Several different varieties of diorite are found in this area. These 
include porphyritic diorite, monzodiorite, coarse diorite and a leucocratic medium-grained 
diorite. The contact relationships between the enclaves and the granophyre also vary, with 
crenulate, undulose and planar interfaces visible in a small area. 
Enclaves of diorite are often surrounded by beach deposits (Figure 2.4. -F). The majority of 
the enclaves are between 10 and 20 cm in size, angular to rounded and composed of coarse 
diorite. The coarse diorite is not uniform in composition. A coarse diorite with an average 
feldspar diameter of 3mm and phenocrysts comprising c. 40% of the rock is present < 10 
cm from coarse diorite with an average feldspar diameter of 5mm and phenocrysts 
comprising < 30% of the enclave. 
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Plate 2.14. Granophyre vein with planar contacts intruding a fine-diorite 
enclave. The outer margin of the enclave is crenulate and chilled. This suggests 
that the granophyre remained magmatic after the diorite had solidified. 
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Plate 2.16. A series of elongate, crenulate, diorite enclaves are orientated in appiuxima[ci) hic wie 
Beneath the steps of the slipway a small upstanding outcrop is present (Figure 2.4. -G). The 
contact between the eastern granophyre and western granophyre can be observed here but 
marine fauna covers the majority of the outcrop. Across the beach to the south of this 
outcrop, the rocks are set within the walls of the breakwater. Although the rock is highly 
weathered a contact is visible. To the east, dioritic enclaves are found within granitic rocks 
while on the western side, granophyre is present without enclaves. The contact between the 
two is identified by a gradual decrease in dioritic enclaves over c. lm. No distinct contact is 
visible between the granophyres. 
To the east of the Hermitage (Figure 2.4. -H) a c. 8m wide red granite dyke, striking 156°, 
intrudes the granophyre and diorite. The contact between the red granite and granophyre is 
sharp and undulose. To the west of the upstanding outcrop two more red granite intrusions 
c. 1.5-2m wide strike c. 168°. These also have sharp and undulose contacts with 
granophyre and diorite. 
To the south of outcrop (H), the reefs are composed of enclaves of fine-diorite, 
monzodiorite and coarse diorite in granophyre. At low tide a large upstanding outcrop, c. 
100m east of the Hermitage can be reached (Figure 2.4. -I). A highly jointed, 2.1m wide red 
granite dyke, striking 156° intrudes to the east of this outcrop. This red granite can be 
traced north, past outcrop H. Monzodiorite and fine-diorite enclaves surround the red 
granite at the base of the outcrop and above these, porphyritic diorite with crenulate chilled 
margins predominate. The diorite is intruded by gently dipping granophyre sheets, which 
are 4-8 cm thick, and are interconnected by granophyre veins that have crenulate and chilled 
contacts with the porphyritic diorite. In the centre of the upstanding outcrop coarse diorite 
predominates. The coarse diorite has chilled, undulose contacts with the granophyre sheets. 
Tonalitic hybrid is occasionally encountered at interfaces between coarse diorite and 
granophyre. Plagioclase phenocrysts in the coarse diorite are 4-8mm in maximum 
dimension and subhedral. Unlike the other diorite types, granophyre veins do not freely 
intrude the coarse diorite. Therefore the coarse diorite forms large blocks, c. 2.3m by c. 
5m, that are surrounded by thin granophyre sheets. The blocks of coarse diorite continue 
upwards for 7-8m into the upstanding outcrop where the diorite grades back into 
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porphyritic diorite. All of the layers of diorite can be traced sub-horizontally on both sides 
of the outcrop. 
To the west of the upstanding outcrop, a tongue-shaped section of the intertidal reef 
protrudes in a southerly direction (Figure 2.4. -J). Two red granite dykes are found on the 
western side of the tongue. The dykes are separated by 8-10 m, and strike 152° sub-parallel 
to each other. On the northern side of the tongue, the red granites converge to form a 
single intrusion. Occasionally, fine-diorite enclaves with crenulate contacts are found within 
the red granite. One enclave within the red granite consists of granophyre, which has sharp, 
undulose contacts with the red granite. The red granite cuts diorite enclaves on the edge of 
the granophyre. The contacts between the diorite and red granite are sharp and undulose. 
Summary 
" The contact between the eastern granophyre and the western granophyre is gradational 
over <i m. 
" Granophyre veins intrude dioritic enclaves. These veins can be planar, undulose or 
crenulate. 
" The reefs are predominantly composed of eastern granophyre. Dioritic enclaves and 
layers are intercalated with granophyre. Crenulate, chilled contacts suggest that they 
were present as coexisting magmas. Planar contacts within dioritic enclaves and 
granophyre veins suggest that diorite solidified while the granophyre remained magmatic. 
"A cluster of aligned, elongate dioritic enclaves is encountered on a flat granophyre sheet. 
" Sub-horizontal granophyre sheets intrude layered diorite. All contacts are chilled and 
crenulate. The sheets dip gently to the west. 
"A distinctive layer of coarse diorite can be traced horizontally through an upstanding 
outcrop. The coarse diorite is not as intensively veined by granophyre as the other 
dioritic lithologies. 
"A pipe of granophyre intrudes a large angular enclave of monzodiorite. 
"A series of sub-parallel red granite dykes intrude the granophyre and diorite. Contacts 
between the red granite and the granophyre and diorite are sharp and undulose. Sub- 
rounded enclaves of granophyre and diorite are found within red granite. 
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Discussion 
The irregular form of the western granophyre and eastern granophyre contact is indicative 
of a magmatic contact. The high viscosities of the coexisting acidic magmas would prevent 
granitic rocks from mixing (Hall, 1987). Enclaves of diorite within granophyre dominate the 
eastern reefs. Several varieties of diorite, each with a different type of contact relationship 
with the granophyre can be found in close proximity to each other. This implies that the 
rocks were coexisting magmas (Brown and Becker, 1986; Michael, 1991). Planar 
granophyre veins often intrude dioritic enclaves with chilled, crenulate outer margins. The 
initial contact between the magmas caused the outer crenulate margins of the enclaves. The 
diorite solidified while the granophyre remained in a magmatic state. Strain hardening 
through decreasing strain rate and increasing differential stress could be the cause of the 
brittle fracturing of the diorite (Passchier and Trouw, 1996). The granophyre, still behaving 
as a melt, was able to penetrate the diorite as planar veins. Undulose and crenulate 
granophyre veins are also found within dioritic enclaves. The variation in the contact 
relationships of the veins suggests the diorite was at differing stages of crystallization when 
it was penetrated by the granophyre. 
Elongate enclaves across a flat lying granophyre sheet at Elizabeth Castle are believed to 
represent the upper or lower surface of a dioritic layer. These are interpreted as magmatic 
"ripple marks", probably produced by the flow of granophyre into the diorite. Wiebe (1974) 
suggested that crenulations depict an approximate direction of flow, as ripple marks do in 
sedimentary rocks. Ripple marks have also been observed in anorthosites from Australia 
(Goode, 1976). 
The nature of the red granite intrusions into granophyre and dioritic units shows that red 
granite is the youngest of the lithological units at Elizabeth Castle. The presence of granitic 
and diorite enclaves within red granite confirm its age relationship in the complex. The 
undulose nature and irregular thickness of the red granite dykes suggests that they intruded 
the complex while the other granitic rocks were magmatic. 
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2.4.3. The Hermitage 
The Hermitage is situated to the south of the complex on either side of the breakwater 
(Figure 2.3. ) and extends for approximately 50m x 90 m. A significant proportion of the 
rock sequence is elevated above the top of the breakwater and as a consequence these rocks 
are relatively unweathered, free of marine fauna and accessible at all times. Interactions 
between the rock types at the Hermitage are some of the most interesting and complex 
encountered across the area. The Hermitage has been divided into two main areas, one to 
the east and the other to the west of the breakwater (Figure 2.5. ). 
Eastern Hermitage 
The outcrop on the eastern side of the Hermitage consists of a single rock unit which is 60 
m in length, 30 m wide and extending vertically for c. 25 in. A derelict brick building is 
situated on the northern corner of the outcrop. Another brick building is found at the top of 
the outcrop and is accessible via a set of steps that lead from the breakwater, this is the 
Hermitage. The rock face directly below the steps is relatively unweathered as it was 
exposed during the construction of the breakwater and is the focus of much of the work for 
this thesis. This main face extends for c. 25 m along the breakwater and upwards for c. 15 
m. Granitic rocks are intercalated with dioritic enclaves. The variation within the enclaves 
in orientation, shape and lithology is notable across the entire face. Enclaves range from 4 
cm to >100 cm in diameter with the majority between 20 and 40 cm. Most of the larger 
enclaves are either monzodiorite or fine-diorite, while smaller enclaves have compositions 
covering all of the dioritic types and other lithologies, including tonalitic hybrid and minor 
dioritic variants (Plate 2.17. ). Miarolitic cavities are frequently found across the face. 
Grey hybrid occurs across the outcrop together with granitic rocks. Enclaves of diorite, 
small mafic clots and green and white coloured plagioclase xenocrysts are often observed 
within the grey hybrid. Contacts between grey hybrid and granitic rocks are undulose and 
sharp (Plate 2.18. ). Halfway across the face a distinctive enclave of fine-diorite is 
encountered. The majority of the contacts between the diorite and granitic rocks are 
crenulate and chilled. On the far side of the face a narrow, 2 to 40 mm, discontinuous 
tonalitic hybrid zone is found partially surrounding an enclave. To the right of the enclave 
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and a4 to 6mm wide, pink, leucocratic, feldspar-rich zone is observed between the diorite 
and tonalitic hybrid. 
Two double enclaves are found half way across the face. The first has outer enclave, 19 cm 
by 11 cm, which is composed of grey hybrid. This enclave has sharp, undulose contacts 
with the surrounding granitic rocks. In the centre of the grey hybrid enclave is a smaller 9 
cm by 2.5 cm porphyritic diorite enclave. This inner enclave has sharp, chilled margins with 
the grey hybrid. The lower contact of the porphyritic diorite enclave is crenulate while the 
upper contact is undulose (Plate 2.19. ). A second double enclave, measuring 10 cm by 7.5 
cm, is found further along the outcrop. The outer enclave is also composed of grey hybrid, 
which has planar to undulose interfaces with the granitic rock. Fine-diorite forms the inner 
enclave, which has undulose contacts with the grey hybrid. This fine-diorite enclave 
measures 3.5 cm by 2 cm. The double enclaves at Elizabeth Castle always have the 
melanocratic lithology enclosed within the mesocratic lithology. 
Approximately half way across the southern end of the outcrop, diorite is intruded by 
granitic sheets which dip c. 35° to the east (Plate 2.20. ). The rocks appear to have similar 
relationships to those found at western Hermitage where diorite layers are intruded by 
granitic sheets. The rest of this southern face consists of diorite enclaves of varying type, 
shape and size that are set irregularly within granitic rocks. A similar situation is found 
across the main eastern outcrop. 
Summary 
" Diorite occurs as enclaves within granitic rocks. These enclaves are mainly angular to 
sub-rounded. Enclaves of all four dioritic types are encountered with smaller enclaves 
composed of variants of the four main varieties. Tonalitic hybrid enclaves are also found 
alongside diorite. 
" Double enclaves have an outer enclave of grey hybrid while the inner enclave is 
composed of diorite. 
9 Tonalitic hybrid is discontinuously present at some enclave contacts. 
" Grey hybrid is found in contact with granitic rocks. Contacts between the two are 
undulose. 
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Plate 2.19. A double enclave in the granite. The outer enclave is grey hybrid and the inner enclave is 
porphyritic diorite. Coin is 2.5cm across. 
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Plate ''U. Looking north at a small section of diorite, intruded by granitic sheets on the 5outnern 
ena 
of the eastern Hermitage. The remainder of the outcrop 
is composed of enclaves of a variety of shapes 
and lithologies in granitic rocks. 
" Large sections of diorite intruded by granitic sheets are visible on the southern end of 
the face. The granitic sheets dip to the east. 
" Miarolitic cavities are present in the granitic rocks. 
Discussion 
The close proximity of angular, undulose and crenulate enclaves suggest that the area 
represents a highly disrupted part of the complex. This is supported by the diversity of 
dioritic lithologies, the presence of exotic dioritic units and sub-rounded to rounded 
enclaves of tonalitic hybrid across the face. Remnants of layered diorite intruded by granitic 
sheets are observed in the middle, and towards the base of the area. The sporadic presence 
of these remnants is an indication that there were several magmatic intrusions into the 
eastern Hermitage. Enclaves of tonalitic hybrid in the eastern Hermitage show that the 
tonalitic hybrid formed relatively quickly at interfaces between granitic rocks and diorite. 
Miarolitic cavities across the face imply that a vapour phase was present in the granitic 
magma during crystallization (Gamble, 1979; Tindle and Pearce, 1981; Brown and Becker, 
1986; Platevoet and Bonin, 1991). These cavities also suggest that the rocks were 
emplaced at relatively shallow depths (Njonfang and Moreau, 1996). 
Individual amphiboles, mafic clots, plagioclase xenocrysts and small angular and rounded 
diorite enclaves all form part of the grey hybrid. The plagioclase xenocrysts are both white 
and green in colour. Green plagioclase phenocrysts are common within dioritic units while 
the white crystals are believed to derive from the granitic rocks. These xenocrysts, that 
appear to have been transferred from one magma into another, represent the best indicators 
of mixing (Sabatier, 1991). As the granitic and the diorite suites differ in mineralogy, 
chemistry, temperature, viscosity, etc., it is improbable that they would be able to fully mix 
into a single homogeneous lithology. The grey hybrid is therefore interpreted to be the 
result of inhomogeneous mixing'between granitic and dioritic magmas. 
Double enclaves are found at two localities and in both cases diorite enclaves are encased in 
grey hybrid, which in turn is an enclave within the granitic rocks. These indicate that there 
were several granitic intrusions into the complex. Similar double enclaves have also been 
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described in other mixed magma complexes (Barbarin, 1988). These enclaves consist of 
diorite enclosed within a xenocryst bearing hybrid rock. 
It is unlikely that two acid magmas would mix due to their higher viscosity (Hall, 1987). 
Therefore the undulose contact between the grey hybrid and the granitic rocks at Elizabeth 
Castle may be a consequence of the two magmas having high viscosities and being unable to 
physically mix. The observed contacts between the silicic rocks suggest that there were 
several phases of granitic intrusion into the complex. This is supported by the presence of 
tonalitic hybrid enclaves within the granitic rocks. 
Western Hermitage 
The western Hermitage is composed of granitic rocks and diorites but the field relationships 
differ from those encountered in the eastern Hermitage. The area consists of two prominent 
outcrops rising c. 8m above the top level of the breakwater. One of the outcrops is situated 
against the breakwater on the southern edge of the western Hermitage. The other area is c. 
25m from the breakwater in the north-western corner of the western Hermitage. A flat 
outcrop, level with the top of the breakwater and smaller upstanding outcrops surround 
these two elevated outcrops. One of the elevated outcrops is situated between the two large 
outcrops, the other is situated at the far south-west corner of the western Hermitage. To 
aid in the descriptions, the western Hermitage has been divided into 4 main areas which 
have been labelled from A to D (Figure 2.5. ). 
Western Hermitage-area A 
Area A rises above the level of the breakwater for c. 7m and extends sub-parallel to the 
edge of the breakwater for c. 25m. On the western side it falls away to sea-level. Most of 
the interactions between the rock types have been observed on the eastern face of area A as 
it is relatively unweathered in comparison to the other faces. The area is composed of 
alternating pink granitic sheets and dark grey layered diorite. Granitic sheets range from 1.5 
cm to 40 cm in thickness and the majority are between 4 and 10 cm, while the diorite layers 
range from 14 cm to 220 cm. The granitic sheets vary in thickness across the exposure by 
as much as 10 cm in the narrower sheets and 30 cm in the wider sheets. All of the sheets He 
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sub-parallel to each other and dip to the west at around 08° (Plate 2.21. ). The sheets all 
interconnect via a series of granitic veins that cut sub-vertically through the dioritic layers. 
Fine-diorite comprises much of the layered series. Layers of monzodiorite, porphyritic 
diorite and coarse diorite are also found. The coarse diorite layer is of particular note as it 
can be traced horizontally throughout the western Hermitage. Individual units of diorite, 
between granitic sheets, can be composed of more than one type of diorite. This is evident 
in some of the diorite layers that grade from coarse diorite to porphyritic diorite to fine- 
diorite. Other layers grade from monzodiorite to fine-diorite. All contacts between the 
different types of diorite are gradational, and the contacts between the granitic sheets and 
the diorite are always crenulate (Plate 2.22. ). Tonalitic hybrid is present discontinuously in 
all of the sub-horizontal sheets at diorite interfaces (Plate 2.23. ) 
The thickest sheet in the area provides the most interest. It is the third sheet down from the 
top of the breakwater and is c. 40 cm thick at its widest point. The crenulations in the 
diorite against the sheet have a greater amplitude than the crenulations at interfaces with 
other sheets. This "very crenulate sheet" (VCS) is composed of granophyre with small, sub- 
rounded xenoliths of tonalitic hybrid. A monzogranite vein emanating from the sheet below 
the VCS is cross-cut by it, while all of the sheets above the VCS appear to originate from it. 
At the northern edge of area A, the granitic sheet that lies against the top of the breakwater 
veins upwards into porphyritic diorite. This sheet comprises one of the minor granitic 
variants, grey monzogranite. Half way up the vein, the grey monzogranite spreads out sub- 
horizontally and forms a thin sheet <4 cm in thickness. This vein trends sub-horizontally 
through the dioritic layer for 10-12m before it peters out. Over the top 15-20 cm of the 
sub-vertical vein the rock changes to a dark red colour. This represents another minor 
granitic variant, red monzogranite. The contact between the grey monzogranite at the base 
of the vein and dark red monzogranite at the top is gradational. This dark red monzogranite 
vein is cross-cut by the granitic sheet above with a sharp undulose contact (Plate 2.24. ). 
The granitic sheet that cross-cuts the dark red monzogranite vein is the VCS. Within 5 cm 
of the contact the VCS contains xenoliths of the dark red monzogranite. 
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Plate 2.23. ronalitic hybrid (b) can often be found in the form of a narrow white zone between the 
pink granitic rock (a) and grey diorite (c). Coin is 2.5cm across. 
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Plate 2.24. A dark, red monzogranite vein mianatin- from the lower monro, ralute sheet 1, cr O»I'-Lut 
by a -, ranoph,, re sheet (VCS). 
Arrows highlight the sharp and undulose contact between the two 
`ranitic lithologies . 
Lens cap is 6cm across. 
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Half way across the face, an apophysis emanates from the VCS and cuts through the above 
dioritic layer (Plate 2.25. ). It is c. 12 cm wide when it intrudes the dioritic layer but within 
c. 20 cm narrows to c. 5 cm. Although the apophysis clearly originates from the granophyre 
sheet it does not appear to be either granitic or dioritic in composition but an 
inhomogeneous hybrid of the two lithologies that is pale grey in colour. The contacts 
between the vein and porphyritic diorite layer are crenulate and a 5-7 cm wide fine-grained 
margin is observed at the porphyritic diorite-granophyre interface. The fine-grained margin 
peters out after c. 32 cm and above this, plagioclase phenocrysts are traceable across the 
apophysis. A leucocratic pink hybrid, 3 mm wide, is present between the diorite and 
granophyre. This leucocratic zone continues on both sides for c. 103 cm up to the above 
granophyre sheet. 
Other granophyre veins run sub-vertically from the VCS interconnecting with granophyre 
sheets above. One of these is c. 5 cm wide and cuts through the porphyritic diorite layer. 
Contacts between the granitic rocks and diorite are crenulate and the diorite has a chilled 
margin. The vein splits into two, one offshoot is 1-1.5 cm wide, the other 3-4 cm wide. 
Tonalitic hybrid is found throughout and is often present within the crenulations. The 
smaller of the two veins that split from the initial vein is in places composed entirely of 
tonalitic hybrid. 
A grey-coloured monzogranite sheet is encountered at the southern end of the area just 
above the upper level of the breakwater. This grey monzogranite has a gradational contact 
with a red monzogranite, which contains xenoliths of the grey monzogranite. At the top of 
the exposure the red monzogranite is in contact with a pink, porphyritic granophyre. The 
junction between the two is sharp and undulose (Plate 2.26. ). 
Further interactions between the lithological units are observed on the north-western corner 
of Area A. A porphyritic dark red monzogranite and a pink porphyritic monzogranite are in 
contact with each other. The interface is undulose and sharp. Diorite has chilled and 
crenulate margins with both of these monzogranites. A granophyre vein intrudes the diorite 
and stops within the dark red monzogranite. The VCS which runs above these rock types 
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Plate 2? 5. Looking to the south at the apophysis that emanates trom a lower 
granophyre sheet and passes through the diorite layer. 
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cross-cuts the dark red monzogranite, the contact between the two being sharp and 
undulose. 
Summary 
"A layered diorite series is intercalated with sub-horizontal granitic sheets, which dip 
gently to the west. The contacts are chilled and crenulate. 
" Sub-vertical granitic veins interconnect the sheets. Complex interactions are 
encountered between some of these veins and diorite. 
" Tonalitic hybrid is discontinuously present at upper and lower granitic sheet contacts 
and within the veins. 
" Cross-cutting relationships are visible within the granitic sheets. A vein emanating from 
a lower monzogranite sheet is cross-cut by a granophyre sheet (VCS). The contact 
between the two is sharp and undulose with xenoliths of the monzogranite vein present 
within the VCS. 
" All of the upper granophyre sheets emanate from the VCS. 
" Narrow sheets are often composed entirely of tonalitic hybrid. 
" Contact relationships are observed across the area between varieties of monzogranite 
and granophyre. Diffuse contacts are present between grey monzogranite and red 
monzogranite and sharp, undulose contacts are present between red monzogranite and 
granophyre. 
Western Hermitage-area B 
Area B is situated directly to the north-west of area A (Figure 2.5. ) and is of a similar shape 
and size, rising for c. 7m from the upper level of the breakwater, trending north-west, south- 
east for c. 20m. The area is c. 25m to the west of the breakwater. Area B also consists of a 
layered diorite series intruded by sub-horizontal granitic sheets (Plate 2.27. ). 
Area B differs from area A in having fewer granitic sheets which intrude the diorite in a less 
regular manner. The top of the outcrop is composed predominantly of granophyre while the 
lower part is composed mainly of diorite intruded by thin granitic sheets. At the base a thick 
layer of diorite predominates, covering approximately two thirds of the outcrop. This layer 
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The red monzogranite has a sharp, undulose contact with a porphyritic granophyre (top). Coin is 
2.5cm across. 
r'e'1 
it 
>. _ 
ý` 
:! 
\ 
ý\ 
ýý4 ý""_. 
V44 
SIT 
Plate 2.27. Looking west at area B. The outcrop is not intruded by as many granitic sheets as area A. 
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(bottom) has a gradational interface with red monzogranite (middle). 
is dominated by coarse diorite which, as described in area 2.2.5, grades into fine- and 
porphyritic diorite over c. 2.5m. The coarse diorite layer is visible on all sides of area B. 
Fine-grained granophyre intrudes the northern edge as a c. 153 cm wide sub-vertical sheet. 
This sub-vertical sheet cross-cuts the diorite layers, tonalitic hybrid and granitic rocks in the 
lower parts of area B with sharp, undulose contacts. At the top 2m of area B the sub- 
vertical intrusion connects to a sub-horizontal sheet. The sub-horizontal sheet has crenulate 
and chilled contacts with the diorite. In the central area of the outcrop the intrusion cross- 
cuts a segment of the coarse diorite layer. Contacts between the coarse diorite and fine- 
grained granophyre are sharp and undulose both on the northern and the southern sides. 
The coarse diorite layer continues sub-horizontally on either side of the fine-grained 
granophyre sheet (Plate 2.28. ). On both sides of the intrusion the feldspar phenocrysts in 
the coarse diorite continue right up to the contact. To the northern side, tonalitic hybrid is 
present at the upper contact with the diorite. As the fine-grained granophyre cuts down into 
the coarse diorite the hybrid is also truncated with sharp, undulose contacts. Miarolitic 
cavities filled with epidote are frequently found in the granitic rocks. The granophyre at the 
top of the area is streaky, with leucocratic pink and quartz rich, grey streaks. A diorite 
enclave, with medium-grained granitic rock attached is present in the fine-grained 
granophyre. Contacts between the medium-grained granitic rock and fine-grained 
granophyre are undulose. 
Across the northern side of area B, sub-vertical, fine-grained, pale pink aplite sheets intrude 
all of the rock types. All aplite sheet contacts are sharp and planar. One c. 13 cm wide 
composite aplite sheet is encountered. The aplite in the centre of the sheet is darker pink 
than at the margins, which is more of a fleshy pink colour. A narrow white margin, c. 5mm, 
is present where the aplite contacts diorite and granophyre. 
Summary 
"A layered diorite series is intercalated with sub-horizontal granitic sheets which dip 
gently to the west. Contacts between the sub-horizontal sheets and diorite are chilled 
and crenulate. 
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Plate 2.28. The fine-granophyre cuts across a coarse diorite layer in area B. Plagioclase phenocrysts 
in the coarse diorite continue up to the contact on either side of the fine-granophyre. Hammer is 25cm 
long. 
"A coarse diorite layer can be traced sub-horizontally through the entire area. This 
coarse diorite grades into porphyritic and fine-diorite on upper and lower contacts. 
"A sub-vertical fine-grained granophyre sheet intrudes the area from the north and can be 
traced through the area. It cuts across the diorite layers and the lower granitic sheets. 
Western Hermitage-area C 
Area C is the level area between the edge of the breakwater and area B (Figure 2.5. ), 
covering an area of 25 mx 20 m. Several diorite enclaves are discontinuously surrounded 
by 1-6 cm, tonalitic hybrid zones (Plate 2.29. ). These zones are often surrounded by a fine- 
grained, leucocratic, pink alkali feldspar and quartz rich band 0.4-1.5 cm wide. In the centre 
of these interactive zones is a 6-8 cm wide, monzogranite, which has a grain size of c. 2mm 
and contains plagioclase phenocrysts up to 7 mm. 
A dark pink intrusion of fine-grained granophyre cross-cuts the monzogranite on the 
western edge of the area. The contact between the fine-grained granophyre and the 
monzogranite is undulose. This fine-grained granophyre can be traced back to the sub- 
vertical intrusion that invades the northern side of area B. The granitic rock that comprised 
area C seems to be mainly monzogranite. Several different varieties are encountered 
including a dark red, porphyritic monzogranite and a porphyritic grey monzogranite. 
Contacts between the different types of granitic rocks are sharp and undulose (Plate 2.30. ). 
The aplite sheets that intrude area B cross-cut all of the rocks in area C. 
Summary 
" The area represents the upper or lower contact of a dioritic layer intruded by granitic 
sheets. The diorite is predominantly porphyritic in the form of enclaves. 
9 Tonalitic hybrid and a thin leucocratic zone are often found discontinuously surrounding 
many of the enclaves. 
" Varieties of monzogranite and granophyre are found across the area. And the contacts 
between the granitic rocks are undulose. 
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" The sub-vertical granophyre sheet that intrudes into area B spreads out sub-horizontally 
across the western edge of the area. This fine-grained granophyre cross-cuts the diorite 
enclaves, tonalitic hybrid and granitic rocks that surround the enclaves. 
Western Hermitage-area D 
Area D is a small-elevated outcrop situated between areas A and B (Figure 2.5. ). It is 
composed of two diorite units, a lower monzogranite sheet and a central granophyre sheet. 
This central sheet has very crenulate contacts with the diorite and is interpreted as the same 
sheet as the VCS in area A. On the north-east corner of area D, a vein of dark red, 
porphyritic monzogranite, originating from the lower monzogranite sheet, is cross-cut by 
the VCS. The contact between the monzogranite and VCS is sharp and undulose. The 
VCS can be traced back through the western edge of area C and originates from the sub- 
vertical fine-grained granophyre sheet that intrudes area B. 
A fine-grained basic dyke c. 105 cm wide, striking north-west/south-east cuts through the 
centre of area D. This dyke also cuts through the southern end of area B. A c. 350 cm 
wide porphyritic gabbroic dyke occupies the area between area D and area A. This dyke 
strikes north-east/south-west and is cross-cut by the fine-grained basic dyke. 
Summary 
9 The area is composed of diorite intruded by a granophyre sheet. This sheet is the VCS. 
9 The VCS cross-cuts a dark red porphyritic monzogranite vein which emanates from a 
lower sheet. 
"A wide porphyritic gabbro dyke cuts the rocks of the area and it itself cut by a fine- 
grained basic dyke. 
Discussion 
The lithological variation in the dioritic rocks of the western Hermitage can be attributed to 
their formation in a layered sequence. Contacts between the different diorite layers are 
always gradational, indicating that they were either contemporaneous or formed in situ from 
a single batch of magma. Layering in the diorite is defined by slight variations in the grain- 
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size and the modal proportion of minerals within rocks. Each layer can be traced 
horizontally across the outcrops at the Hermitage. The intrusion of separate magma batches 
could conceivably produce a layered intrusion (Hatch et al., 1972), though this model is 
only possible if subsequent batches of magma are very similar in composition. Any 
compositional, temperature or viscosity differences between coexisting mafic magmas 
would produce visible contacts between each magma batch. In addition structures such as 
load casts, resulting from density differences between the magmas should also be evident. 
As there are no contacts, other than gradational contacts in the layered diorite, it is 
suggested that fractionation of a single batch of magma produced the dioritic layered series. 
It is possible that the segregation of phases and their subsequent settling through 
gravitational forces could be responsible for the formation of the layered sequence (Wager 
et al., 1960). Other models assume that gravitational settling is not the dominant process. 
These include deposition during convection and double-diffusive convection (McBirney and 
Noyes, 1979). Layering in diorites and gabbros at Le Nez, south-east Jersey, has been 
attributed to have formed by a combination of crystal settling and magma convection (Key, 
1985). An accumulation of plagioclase crystals at a given layer could be due to crystal 
sorting. Slight differences in the specific gravity of crystals control the rate at which they 
sink or rise in a magma and invariably crystals of similar type and density accumulate at 
specific levels. 
As a result of the main early-fractionating phase being calcic-plagioclase, mafic phases were 
limited to an interstitial capacity. Low Ptho in a system promotes the growth of plagioclase 
as an early phase. If Px, o were high, mafic minerals such as pyroxene and amphibole would 
crystallize early from the magma. The development of plagioclase as a major fractionating 
phase would also have inhibited the formation of any mineral graded layered sequence 
(Regan, 1985). 
All of the granitic sheets in area A appear to interconnect through a series of sub-vertical 
veins although cross-cutting relationships suggest that several phases of granitic magma 
intruded the complex. The sheets always have crenulate interfaces with the diorite 
indicating that the layered diorite and the granite sheets were coexisting magmas. A 
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monzogranite vein from a lower sheet is cross-cut by the granophyre sheet above (VCS). 
Xenoliths of the lower monzogranite are found within the VCS suggesting that the VCS is a 
younger rock unit. The cross-cutting relationship is observed at several locations around 
area A and area D, each of which is at the same stratigraphic height in the outcrop. Contact 
relationships are often undulose between the granitic phases. Undulose interfaces between 
granitic rocks are not only observed in cross-cutting relationships around area A and D, but 
are also found between the monzogranite variants across area D. Contacts are common 
between coexisting granitic rocks from Elizabeth Castle because acid magmas have high 
viscosities and are therefore unlikely to mix (Hall, 1987). 
A fine-grained granophyre intrudes sub-vertically into area B, cross-cutting the other 
granitic sheets, diorite layers and tonalitic hybrid. At the top of the outcrop the fine-grained 
granophyre has sharp, brittle contacts with a coarse diorite. On the upper surface of the 
coarse diorite a tonalitic hybrid also has a sharp margin with the fine-grained granophyre 
intrusion. The above implies that the tonalitic hybrid formed prior to the intrusion of the 
fine-grained granophyre. Enclaves of diorite, hybrid and interconnected granophyre within 
the sheet have sub-rounded to planar junctions, which suggests that the fine-grained 
granophyre post-dates much of the area. The presence of enclaves of granophyre within the 
fine-grained granophyre shows that the sub-vertical sheet probably intruded into a pre- 
existing granophyre sheet. This interpretation is supported by the streaky nature of the 
granophyre at the top of the area. Streaky textures are interpreted as ribbons, which can 
form when magmas commingle (Campbell and Turner, 1986; Blake and Koyaguchi, 1991). 
The fine-grained granophyre that intrudes area B sub-vertically can be traced across area C 
into areas D and A where it forms the VCS. This sheet cross-cuts several monzogranite 
veins, all of which are at the same stratigraphic height in the outcrop. This indicates that the 
fine-grained granophyre intrusion was a later phase than the majority of the rocks that form 
the western Hermitage. 
A light grey coloured apophysis, emanating from the VCS contains interactions between 
granitic rocks and diorite that are not encountered elsewhere at Elizabeth Castle. The 
granophyre has not penetrated the diorite in the normal manner, i. e. as veins. Phenocrysts 
from the diorite continue across the apophysis. Wide chilled margins in the porphyritic 
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diorite surrounding the base of the apophysis suggest that the diorite and granophyre were 
coexisting magmas. No contact is observed between the granophyre and the grey 
apophysis. This implies that a process such as the migration of a hydrous phase from the 
granophyre into the diorite may be responsible. A similar interpretation has been placed on 
some granitic veins intruding gabbro in the Pleasant Bay intrusion (Wiebe, 1993). 
Tonalitic hybrid enclaves within the VCS, and in sheets at the top of area A, indicate that at 
least some of the tonalitic hybrid was present prior to the intrusion of the VCS. The 
intruding granophyre was able to disrupt the tonalitic hybrid at existing interfaces between 
granitic rock and diorite and incorporate it as enclaves within central parts of sheets. These 
tonalitic enclaves all have undulose contacts with the granophyre indicating that the tonalitic 
hybrid was magmatic when the later VCS sheet intruded. The undulose nature of the 
contact between tonalitic hybrid and granitic rock is possibly due to the two magmas having 
high viscosities (Hall, 1987). Tonalitic hybrid is discontinuously present at all sheet contacts 
and is often found to comprise entire narrow sheets. As these sheets are narrow, 
interactions between the granitic rock and diorite may have hybridized the whole of the 
granitic sheet. If the tonalitic hybrid is formed by interaction between the diorite and 
granitic rock the fact that the hybrid zones are narrow suggests that they are formed by 
small scale processes and not by larger scale processes such as magma-mixing. The 
discontinuous presence of a thin leucocratic zone against enclave contacts indicates that, 
elements have migrated through diffusion between the granitic rock and diorite (Zorpi et al., 
1989). 
Several varieties of monzogranites are encountered in the western Hermitage. These 
variants show that there were several granitic intrusions into the complex. The undulose 
nature of many of the contacts between the monzogranites are indicative of coexisting 
granitic magmas (Hall, 1987). 
Aplite veins cross-cut area B. The origin of these aplite veins was discussed by Wells and 
Bishop (1954), who concluded that they were magmatic in origin. Similar veins are 
encountered at several localities across Jersey particularly in the north of the island at Ronez 
and Le Fosse Vicq (Wells and Bishop, 1954). Aplites at Elizabeth Castle have a 
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saccharoidal texture and are composed predominantly of alkali feldspar and quartz. Vein 
contacts are sharp and planar indicating that they intruded the complex when all other 
lithologies had solidified. The narrow margins at the edges of the composite aplite vein 
could be chilled margins. This also indicates that the aplite veins at Elizabeth Castle were 
magmatic. 
2.4.4. South-western area 
The area to the south-west of the castle consists of low-lying reefs as are encountered over 
most of the complex (Figure 2.3. ). To the west of the breakwater an irregular sheet, c. 1- 
5m wide, of the western granophyre intrudes. This sheet continues sub-vertically into area 
B at the western Hermitage. It then spreads out sub-horizontally into area C, before 
continuing sub-vertically to the top of area B. 
A contact to the north of the western Hermitage trends east-west between the western 
granophyre and the eastern granophyre. Within the western granophyre, the north of the 
main east-west granophyre contact, an 8m wide composite dyke strikes north-east/south- 
west (Plate 2.31. ). This composite dyke is composed of a coarse-grained, yellow, 2.5 m 
wide porphyritic microgranite core that is surrounded on either side by fine-grained, dark- 
grey, basic margins that are 2.5 m and 3m wide. The porphyritic microgranite contains 
xenoliths of the basic rock and small veins of microgranite extend into the basic dyke. On 
the eastern side of the breakwater modern beach deposits largely cover the composite dyke 
but its presence is determined by a few small outcrops of porphyritic microgranite. 
An outcrop at the bottom of a gully, close to the breakwater, contains complex contact 
relationships. monzogranite sheets intrude porphyritic diorite (Plate 2.32. ). Contacts 
between the diorite and monzogranite are chilled and crenulate. A thin, 3.5 cm wide sheet 
intruding the diorite in the centre of the block is composed entirely of tonalitic hybrid. A 
dark pink, porphyritic granophyre has crenulate contacts with the base of the diorite. This 
granophyre forms a vein that intrudes the diorite and light grey monzogranite. The interface 
between the granophyre vein and the diorite and tonalitic hybrid are sharp and planar while 
contacts between monzogranite and granophyre are undulose. 
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Two granitic pipes intrude the diorite (Plate 2.33. ) which are almost identical in size, 19 cm 
x 6.5 cm, and shape and are connected by a c. 15 cm wispy granitic vein. Contacts between 
pipes and diorite are sharp and undulose. The wispy vein connecting the two pipes has an 
undulose contact with diorite. A third pipe of identical form and composition outcrops to 
the south. 
The rocks situated a few metres to the north of the pipes are flat lying. On the lower 
surface of a granitic sheet are swarms of elongate crenulate, chilled diorite enclaves (Plate 
2.34. ). These enclaves range from 2-10 cm in length and 1-3 cm in width and are all 
orientated length-ways in roughly the same direction, 0400. The majority of enclaves are 
visible in horizontal section only. One of the enclaves is observed in both horizontal and 
vertical section and forms part of a crenulate interface between the diorite and granitic 
rocks. 
Summary 
" An irregular sheet emanating from the western granophyre intrudes the granitic rocks 
and diorite. This sheet intrudes sub-vertically into area B and spreads out sub- 
horizontally across area C. 
" Several granitic pipes intrude the diorite. 
t 
" Monzogranite sheets intrude porphyritic diorite. A granophyre has crenulate contacts 
with the diorite at the base of the area. The granophyre intrudes the diorite and 
monzogranite in the form of a vein. The vein also cuts a tonalitic hybrid in the centre of 
the outcrop. Contacts between the vein and the surrounding rocks are planar and 
undulose. 
" Swarms of aligned, elongate dioritic enclaves are found on a flat granitic sheet. 
"A composite dyke with porphyritic microgranite core and basic margins has internal 
contacts that are indicative of coexisting magmas. 
Discussion 
Elongate, dioritic enclaves have previously only been found in horizontal section at the 
eastern area of Elizabeth Castle. In the south-western area they are observed both in 
horizontal and vertical section which implies that they are magmatic ripple marks. The 
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Plate 2.3'. Porphyritic diorite, tonalitic hybrid andmonzogranite are intruded by a later porphyritic 
granophyre vein. Coin is 2.5cm across. 
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Plate 2.34. A swarm of narrow, elongate diorite enclaves are orientated in approximately the same 
direction on a flat granitic sheet. Clino-compass is 10cm in length. 
enclaves represent the crenulations at the interface between granitic rocks and diorite and 
their presence indicates that currents were active in the granitic rocks (Goode, 1976). 
The intrusion of an irregular sheet through the south-western area and sub-vertically into 
area B emanates from the western granophyre. This shows that the western granophyre 
post-dates the granitic rocks to the east of the complex. Undulose contacts between the 
western granophyre and granitic rocks to the east imply that they were coexisting magmas. 
Relationships within a small block confirm there were multiple intrusions of granitic rocks 
into the complex. An initial intrusion, probably of monzogranite composition coexisted with 
diorite. It is suggested that interactions formed the tonalitic hybrid. A later granophyre 
intrusion cuts across the monzogranite, diorite and tonalitic hybrid. Contacts between the 
monzogranite and the granophyre are undulose while tonalitic hybrid, diorite interfaces with 
the granophyre are planar. The planar contact suggests that the diorite and hybrid had 
solidified while undulose contacts are indicative of viscosity differences between coexisting 
granitic rocks. 
Pipes are only found at one locality within the south-western area and a single pipe intrudes 
diorite to the north of the complex. Two sub-rounded pipes, connected by a wispy vein are 
visible in cross-section, are sub-rounded and are not visible longitudinally. The granitic 
rocks within pipes is the same as the granitic rocks that surround the enclaves, so it is likely 
that the pipes originate from the upper surfaces of the granitic sheets. This was also 
suggested by Elwell et al. (1960) to explain the origin of granodiorite pipes within Guernsey 
diorites, which rise from ridges in the upper surface of granodiorite sheets. 
2.5. Summary of field relationships 
Crenulate, undulose and planar contacts within the same area indicates that a number of 
coexisting magmas were present at Elizabeth Castle. A cartoon diagram illustrates the 
sequence of intrusion into the Elizabeth Castle complex (Figure 2.6. ). The field 
relationships suggest that a layered dioritic body was intruded by multiple granitic magmas. 
Crenulate and chilled contacts show the monzogranite and diorite were coeval. Tonalitic 
hybrid is present at interfaces of the diorite and monzogranite, and probably formed through 
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Figure 2.6 Cartoon diagram to show the order of magmatic emplacement in the comple\, locuing; 
on the Hermitage. See overleaf for key to rock types and symbols. Not to scale. 
(1) Emplacement of diorite magma, within which in situ differentiation produced modal layering. 
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(2) Emplacement of monzogranite into the dioritic magma as a series of sub-parallel sheets 
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(3) Further intrusion of monzogranite, disrupting parts of the complex including the Eastern Heritage. 
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(4) Local mixing of diorite and monzogranite produces grey hybrid in the Eastern Hermitage. 
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(5) Western granophyre penetrates the upper part of the western Hermitage, cross-cutting earlier 
monzogranite sheets. 
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Diorite 
Monzogranite 
Grey hybrid 
Western granophyre 
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Intruding magma 
iie Diorite enclave 
Granitic sheet 
A-D Location of the western Hermitage as referred to in the text 
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interaction between them. Further, incursions of monzogranite disrupted and mixed with 
the diorite forming the grey hybrid at the eastern Hermitage. The eastern granophyre was 
then emplaced and further disrupted the diorite, producing a variety of dioritic enclaves 
across much of the eastern reefs. Tonalitic hybrid continued to form through interaction 
between the granophyre and diorite. The granophyre remained mobile after the diorite had 
solidified. 
The western granophyre has magma-magma contact with the eastern granophyre. At the 
Hermitage, the western granophyre penetrates the upper part of the layered diorite, cross- 
cutting earlier monzogranite sheets. Red granite dykes intrude the complex. The red 
granite occasionally contains enclaves of diorite and granitic rocks. Contact relationships 
indicate that granitic rocks were still magmatic when the red granite invaded. A series of 
late aplite veins, composite and basic dykes cross-cut the complex. 
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Chapter 3: Petrography 
3.1. Introduction 
In this chapter the petrography of all of the rock types encountered around Elizabeth Castle 
is described. The rocks have been divided into three sections: granitic rocks, dioritic rocks 
and hybrid rocks. Each description contains a summary detailing size, shape and textures of 
all minerals present. Interpretations of the mineralogy and textures are given at the end of 
each section. 
3.1.1. Modal analysis 
Modal analysis was carried out by point counting on representative samples from all of the 
major rock groups. The results of these modal analyses are presented in full in Appendix A. 
Model compositions are plotted on a QAP (Quartz-Alkali-feldspar-Plagioclase) diagram 
(Figure 3.1). 
Q 
I- Quartz Rich Granitoid 
2- Alkali Feldspar Granite 
13- 
Syeno - Granite 
4- Monzo - Granite 
5- Granodiorite 
6- Tonalite 
7- Quartz Alkali Feldspar Granite 
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Figure 3.1. -Modal compositions for selected rock types plotted on a QAP diagram after Streckeisen (1974). 
Symbols: A Fine-Diorite; A Monzodiorite; O Porphyritic Diorite; O Coarse Diorite; O Eastern 
Granophyre; ® Western Granophyre; D Monzogranite; * Fort Regent Granophyre; * Red Granite; # 
Grey Hybrid; * Tonalitic Hybrid. 
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Most of the samples he within either the diorite or monzogranite fields, while the hybrid 
rocks occupy the tonalite and granodiorite fields. 
3.2. Granitic rocks- 
Granitic rocks plot in the monzogranite field on a QAP diagram (Figure 3.1). The rocks 
have been separated on the basis of field relationships and petrography. When referring to 
these rocks as a whole they will be defined as granitic rocks, but if a specific lithology is 
being described the names eastern granophyre, western granophyre, monzogranite or red 
granite will be used (see Chapter 2). Where plagioclase compositions are given they have 
been determined by measuring extinction angles on adjacent twin lamellae (Deer et al., 
1992). 
3.2.1. Eastern granophyre 
The eastern granophyre is porphyritic with a medium-grained groundmass and consists of c. 
40% plagioclase, c. 36% alkali-feldspar, c. 20% quartz, and c. 4% biotite. A petrographic 
summary of the eastern granophyre can be found in Table 3.1. Plagioclase phenocrysts are 
tabular, subhedral to euhedral, range up to 4mm in length and make up to 12% of the total 
plagioclase in the rock. They are variably altered to sericite, though the multiple twin planes 
are still visible. Epidote is also present as an alteration product. Occasionally aggregates of 
epidote completely pseudomorph plagioclase crystals. Phenocrysts commonly show boxy 
cellular textures with quartz occupying the vacancies in the plagioclase crystal (Plate 3.2. ). 
Some plagioclase phenocrysts form chequered textures consisting of aggregates of 
plagioclase laths (Plate 3.1. and Figure 3.2). In these aggregates the individual grains He at 
90° to each other, so that twin lamellae alternate. This produces the distinctive chequer- 
board texture as described by Smith (1974). Alkali-feldspar phenocrysts are much less 
common than plagioclase and are tabular, subhedral to euhedral, range up to 4mm in size, 
and make up to c. 4% of the total alkali-feldspar in the rock. They are altered to sericite 
but Carlsbad twin planes are often visible. Alteration produces a slightly darker brown 
colouration in plane polarised light than that produced by the alteration in plagioclase. 
Rapakivi texture (alkali-feldspar with a plagioclase mantle) is present but uncommon. 
The groundmass consists of plagioclase, alkali-feldspar, quartz and biotite with several 
70 
A 
I-I 
B 
IVIII 
C 
Figure 3.2. Feldspar textures (A-C) as referred to in the text. A: cellular texture (twinned feldspar- 
black and white, with vacancies in the crystal structure-dotted areas); B: patchy intergrowth (areas 
shaded black to show the form of plagioclase); C: chequered texture (areas shaded black show the 
twinning in individual plagioclase laths that lie at 90° to each other). 
plagioclase laths lie at 900 to each other within the phenocryst (XPL, magnification=34.4). 
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Plate 3.1. Chequered texture in plagioclase crystal in the eastern granuphyre. Fine-grained 
phases present as accessory minerals. All feldspar grains are altered to sericite, to varying 
degrees. The overall groundmass texture is anhedral, granular, though plagioclase is often 
subhedral. Quartz is interstitial to the two feldspars. Much of the groundmass consists of 
medium-grained granophyric intergrowths of alkali-feldspar and quartz which surround 
euhedral plagioclase and alkali-feldspar crystals (Plate 3.2. ). Often, adjacent patches of 
granophyric texture are in optical continuity with each another and are occasionally sector 
zoned. Quartz within the intergrowths displays either long, interconnected stringers or 
discrete cuneiform grains, depending on the orientation of the thin section to the 
crystallography of the intergrowth (Figure 3.3. ). Biotite often has a ragged appearance and 
is usually altered to chlorite to some degree. 
Table 3.1. 
Petrographic summary: eastern granophyre 
Plagioclase: oligoclase; tabular euhedral phenocrysts mainly subhedral in groundmass; 
phenocrysts up to 4 mm; groundmass lmm; altered to sericite; cellular textures 
Alkali-feldspar: tabular, euhedral phenocrysts; mainly equant to subhedral in 
groundmass; phenocrysts up to 4 mm; groundmass 1 mm; altered to sericite 
Quartz: anhedral; interstitial; aggregates of quartz fill interstitial areas; grain boundaries 
often curved 
Biotite: subhedral to anhedral; often ragged; <lmm; interstitial; altered to chlorite 
Sphene: anhedral; rare; interstitial; often twinned 
Zircon: euhedral, often zoned 
Granophyric texture: medium-grained; composed of alkali-feldspar and quartz 
Opaques: closely associated with biotite 
Chlorite: usually replaces biotite 
Epidote: alteration product of plagioclase; veins of epidote common 
3.2.2. Western granophyre 
The western granophyre is porphyritic with a fine-grained groundmass and consists of c. 
34% plagioclase, c. 33% alkali-feldspar, c. 22% quartz and c. 7% biotite. A petrographic 
summary of western granophyre can be found in Table 3.2. Plagioclase phenocrysts make 
up c. 8% of the total plagioclase in the rock, are tabular, subhedral to euhedral and range 
up to 5mm in length. They are often altered to sericite, though the alteration is only minor 
as albite twin planes are still visible. Plagioclase phenocrysts commonly display boxy 
cellular textures with quartz occupying the vacancies in the crystal (See Figure 3.2. ). 
Another type of texture found in plagioclase crystals is patchy intergrowths. These are 
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intergrowth radiating from the edge of the crystal (XPL, magnification=86.6). 
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Figure 3.3. Sketch showing how a granophyric intergrowth can display both long, thin stringers (side 
faces) and euhedral, cuneiform shaped texture (main face) depending on how the thin section is cut. 
Shaded areas: quartz; clear areas: alkali feldspar (Smith, 1974). 
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Plate 3.2. Alkali feldspar phenocryst in the eastern granophyre with a medium-grained granophyric 
occasionally found to nucleate on plagioclase and alkali-feldspar phenocrysts. Quartz or 
granophyre occupies the vacancies between the patchy intergrowths. Alkali-feldspar 
phenocrysts are less common than plagioclase and make up c. 4% of the total alkali- 
feldspar in the rock and range up to 4mm in size. They are often altered to sericite, 
the 
alteration appearing darker brown in plane polarised light than that affecting plagioclase. 
The groundmass consists of plagioclase, alkali-feldspar, quartz and biotite with a variety of 
accessory minerals. Much of the groundmass is composed of equant alkali-feldspar. 
All of 
the feldspar grains show variable degrees of alteration to sericite. Granophyric textures are 
common in the groundmass (Plate 3.3. ) and the textures that occupy adjacent areas are 
often in optical continuity. Granophyric textures are fine-grained in the western granophyre 
while in the eastern granophyre they are medium-grained. Biotite is usually altered to 
chlorite to some degree. 
Table 3.2. 
Petrographic summary: western granophyre 
Plagioclase: oligoclase; euhedral to subhedral; 0.5-0.75 mm groundmass; tabular 
phenocrysts up to 5 mm; altered to sericite 
Alkali-feldspar: equant to subhedral, equant crystals on groundmass; 0.5-0.75 mm 
groundmass; phenocrysts up to 4 mm; altered to sericite, darker alteration than 
plagioclase 
Quartz: anhedral, interstitial; often form aggregates Biotite: subhedral to anhedral; altered to chlorite and magnetite 
Granophyric texture: fine-grained; surrounds euhedral feldspar grains, usually alkali- 
feldspar; <10 % of groundmass 
Opaques: anhedral; found in close association with chlorite 
Epidote: anhedral, often found as veins 
Chlorite: replaces biotite 
Zircon: euhedral, often zoned, closely associated with biotite 
3.2.3. Monzogranite 
The monzogranite is porphyritic, with a medium-grained groundmass and consists of c. 46% 
plagioclase, c. 28% alkali-feldspar, c. 18% quartz, and c. 8% biotite. A petrographic 
summary of monzogranite can be found in Table 3.3. Plagioclase phenocrysts make up c. 
9% of the total plagioclase in the rock, are tabular, subhedral and up to 3mm in length. 
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They are often altered to sericite, though the albite twins are still visible. Plagioclase 
phenocrysts commonly display boxy cellular textures with quartz occupying the vacancies in 
the crystal structure (Figure 3.2. ). Alkali-feldspar phenocrysts, which make up c. 4% of the 
rock, are tabular, subhedral and up to 3mm in length. They are often altered to sericite 
which is a darker brown colour than that affecting plagioclase phenocrysts. Phenocrysts of 
both alkali-feldspar and plagioclase have narrow mantles of alkali-feldspar. 
The groundmass consists of plagioclase, alkali-feldspar, quartz, biotite and several accessory 
minerals. The overall texture is anhedral, granular, though plagioclase is often subhedral. 
Groundmass feldspars are often mantled by alkali-feldspar. Quartz is interstitial and crystal 
faces are often embayed or curved (Plate 3.4. ). Biotite is usually altered to chlorite to some 
degree. Opaque minerals are uncommon in the groundmass and are usually present as 
alteration products of biotite. 
Table 3.3. 
Petrographic summary: monzogranite 
Plagioclase: subhedral; 1-1.25 mm groundmass; subhedral phenocrysts up to 3 mm; 
alteration to sericite; often mantled by alkali-feldspar, cellular textures in phenocrysts 
common 
Alkali-feldspar: subhedral; predominant in groundmass; altered to sericite, darker 
coloured alteration than plagioclase, phenocrysts up to 3 nun 
Quartz: anhedral; edges often embayed or curved 
Biotite: subhedral; often ragged; partially altered to chlorite 
Sphene: anhedral; rare 
Epidote: anhedral 
Opaques: anhedral to subhedral 
3.2.4. Red granite 
The red granite is porphyritic with a medium-grained groundmass and consists of c. 35% 
plagioclase, c. 35% alkali-feldspar, c. 20% quartz and < 10% biotite. A petrographic 
summary of red granite can be found in Table 3.4. Plagioclase phenocrysts, which make up 
< 8% of the rock are tabular, subhedral to euhedral and range up to 3mm in length. They 
are altered to sericite though twin planes are still visible. Phenocrysts occasionally display 
boxy cellular or chequered textures (Figure 3.2. ). 
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feldspar crystal in the western granophyre (XPL, magnification=34.4). 
magnification=34.4). 
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Plate ý_ A typi,.:, ri tine-, rained granophyric intergrowth (rieht centre) radiating from a 
Plate 3.4 Ouartz crystal with alkali-feldspar filled emba}ed edges (centre) in 
The groundmass consists of plagioclase, alkali-feldspar, quartz, biotite and various 
accessory minerals. All feldspar grains are altered to sericite. Quartz often forms small 
aggregates of interconnecting crystals. Mafic clots comprising fine-grained aggregates of 
sericitized plagioclase, actinolite, chlorite, epidote and opaques, make up < 5% of the rock. 
They are subrounded and range up to 2mm in diameter. 
Table 3.4. 
Petrographic summary: red granite 
Plagioclase: oligoclase; euhedral to subhedral; 1-3 mm; usually porphyritic; often 
sericitized 
Alkali-feldspar: euhedral to subhedral; groundmass only; often forms mantles on 
groundmass plagioclase 
Quartz: subhedral to anhedral; occasionally embayed with associated alkali-feldspar 
stringers 
Biotite: euhedral to subhedral; pleochroic pale brown/brown; partially altered to chlorite 
Fine-grained Clots: 1-2 mm diameter clots composed of fine-grained sericitized 
plagioclase grains, chlorite and epidote 
Opaques: alteration product of biotite 
Epidote: uncommon 
3.2.5. Discussion 
All of the rocks that fall within the monzogranite field: western granophyre, eastern 
granophyre, monzogranite and red granite, are considered together within this section. 
Granophyric textures in the rocks of Slieve Gullion, Northern Ireland are attributed to a 
combination of infiltration and metasomatism (Reynolds, 1951). The textures radiate from 
the edges of plagioclase crystals and are interpreted to have formed through the initial 
replacement of plagioclase with alkali-feldspar. The process ended with the infiltration of 
alkali-feldspar with quartz. This method appears complex. A more likely model involves 
the simultaneous crystallization of quartz and feldspar from a magma. This model is 
supported by a number of authors (Dunham, 1965; Mason, 1985; Fenn, 1986; Shelley, 
1993; Lowenstern et al., 1997). Experimental work implies that eutectic crystallization is 
the cause of quartz, alkali-feldspar intergrowths but does not demonstrate the conditions in 
which the texture forms (Schloemer, 1964). Carstens (1983) demonstrates that quartz and 
alkali-feldspar do not have to be in eutectic proportions for simultaneous growth to occur, 
77 
while experiments by Fenn (1986) suggest that crystallization under moderate undercooling 
(15° to 1500) is responsible for the formation of granophyre. 
Granophyric textures from Rhum have been attributed to the simultaneous crystallization of 
quartz and feldspar as a result of the magma being supercooled (Dunham, 1965). The 
nucleation of granophyric textures upon phenocrysts shows that there was a sudden change 
in the conditions of crystallization (Smith, 1974). Shelley (1993) was more specific on the 
dynamics of the processes involved in the production of granophyric textures, stating that 
volatile loss initiates the raising of the liquidus/solidus curves which, in turn, produces 
undercooling and freezing. This undercooling stimulates the simultaneous growth of quartz 
and alkali-feldspar rather than the growth of independent crystals. The presence of 
granophyric textures within samples indicates that the rocks originate from depths of less 
than 3 kilometres, as pressure changes are required to cause enough loss of H2O to allow 
for rapid undercooling (Lowenstem et al., 1997). At Elizabeth Castle, granophyric textures 
are often developed within alkali-feldspar mantles that surround plagioclase crystals. The 
granophyric patches in the close proximity of the mantles are often in optical continuity and 
textures commonly radiate from the edge of phenocrysts. 
The formation of sector zoning within granophyric intergrowths also suggests that rapid 
crystal growth plays a part in the formation of the textures (Buerger, 1932; Shelley, 1993). 
Sector zoning may be the result of the simultaneous crystallization of quartz and alkali- 
feldspar (Carstens, 1983). It is interpreted that the granophyre present at Elizabeth Castle 
formed from the simultaneous and rapid crystallization of quartz and alkali-feldspar from a 
granitic magma. This was initiated by a sudden reduction in vapour pressure as a result of 
volatile loss from the magma. 
Embayed quartz crystals are regarded as imperfect granophyric textures by Elwell (1958) in 
granophyre in Guernsey. Similar embayed quartz, alkali-feldspar intergrowths at 
Hinchinbrook Island, North Queensland, Australia are interpreted as being the result of 
initial conditions of low undercooling and slower growth in the magma (Stephenson, 1990). 
Another explanation is that embayments in the monzogranites are the result of the 
superheating of the cooler acid magma by the hotter basic magma (Gamble, 1979). This 
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model seems the most appropriate for the formation of the embayed quartz crystals in the 
monzogranite at Elizabeth Castle. 
Rapakivi texture is only occasionally observed in the granitic rocks at Elizabeth Castle and 
even though it is only a minor texture its origin has been extensively debated in the past and 
shall be discussed in full. Rapakivi texture is common in granite complexes (Eklund et al., 
1994; Salmon and Powell, 1998; Brown, et al., 1999; Grocott et al., 1999), several of these 
complexes show evidence of coexisting magmas (Cantagrel et al., 1984; Vernon, 1990, 
1991; Wiebe, 1993; Neves and Vauchez, 1995; Ramo and Haapala, 1995; D'Lemos, 1996). 
Several hypotheses have been proposed for the origin of rapakivi textures. Early models 
suggested the exsolution of sodic plagioclase from alkali feldspar, after which plagioclase 
migrates and relocates as mantles on the remaining feldspar cores (Gates, 1953). The 
exsolution model was regarded by Hibbard (1981) to inadequately explain how the reaction 
products are accommodated in the space provided by the relocated sodic-plagioclase, or 
how oligoclase is exsolved instead of albite. Further models suggest that rapakivi texture 
forms as a result of a decrease in pressure causing a shift in PH2o (Tuttle and Bowen, 1958). 
This pressure drop induces a shift from a one to a two feldspar system. The composition of 
the liquid would be driven towards the quartz boundary by the crystallization of the alkali 
feldspar from the melt. As quartz crystallizes, the temperature of the liquid would move 
along the cotectic. Upon reaching the eutectic point at PHo=4Kb the two separate feldspars 
would crystallize. Plagioclase would then forms mantles on some of the earlier formed 
alkali-feldspar in preference to forming new nuclei. Another suggestion is that the quartz, 
orthoclase and sodic plagioclase crystallize simultaneously from the melt (Hatch et al., 
1972). This results in the plagioclase being deposited round the orthoclase nuclei. 
The interpretation adopted by many authors for the formation of rapakivi intergrowths is 
that of mixing, where mafic and silicic rocks are found in coeval relationships with the 
texture being produced as a consequence of temperature increases within the felsic magma 
due to the presence of the hotter mafic magma (Hibbard, 1981; Bussy, 1990; Ecklund et al., 
1994). In this model the surface of the alkali-feldspar crystals within the felsic magma act as 
a substrates for the growth of plagioclase. This results in the formation of plagioclase 
overgrowths on the pre-existing alkali-feldspar (Hibbard, 1981). Another theory invoking 
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mixing proposes the dissolution and replacement of alkali-feldspar by plagioclase followed 
by the outward crystallization of plagioclase from alkali-feldspar grains (Bussy, 1990; Wark 
and Stimac, 1992). At Elizabeth Castle, it is common for many of the alkali-feldspars within 
a rock not to be mantled by plagioclase. This may be because mixing is often an incomplete, 
or inhomogeneous process. 
As coexisting felsic and mafic magmas are present at Elizabeth Castle, it is likely that the 
rapakivi textures in the granitic rocks formed from mixing. It is also likely that this was 
combined with a process similar to that suggested by Hatch et al. (1972), in which the 
simultaneous crystallization of quartz, orthoclase and sodic plagioclase was accelerated by 
vapour loss from the system. The lack of widespread rapakivi texture within the granitic 
rocks of Elizabeth Castle is probably due to the abundance of granophyric and embayed 
quartz textures within the rocks. These nucleated on the majority of the pre-existing 
feldspar crystals prior to the plagioclase being able to mantle the alkali-feldspar crystals. 
Boxy cellular textures are present within many phenocrysts and groundmass feldspars in the 
granitic rocks. Small vacancies exist in the plagioclase crystals where the calcic cores have 
been corroded. Corroded cores to plagioclase crystals indicate that a high level magma that 
has been mixed with a later pulse of magma coming from depth (Mason, 1985). This later 
pulse would contain a population of crystals smaller in size in comparison to the plagioclase 
in the high level magma. Cellular textures are found in rocks that have developed in systems 
of rapid crystallization with a relatively high growth rate along with a low nucleation rate. 
These textures are typically found in hybrid systems, with the undercooled environment 
being ideal for the development of boxy cellular textures (Hibbard, 1991). It is suggested 
that cellular textures in the granitic rocks from Elizabeth Castle probably formed by 
undercooling. 
Several phenocrysts are observed in the form of a series of small tabular plagioclase grains 
or patchy intergrowths which define the broad shape of the crystal. The optical continuity 
of intergrowths indicates that adjoining grains are part of a single crystal. Patchy 
intergrowths were described by Lofgren and Gooley (1977) and interpreted as representing 
local differences in growth conditions within the melt. It is possible that the change in 
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growth conditions was caused either by the mixing of coexisting magmas or undercooling of 
the granitic magma. 
Chequered textures are observed in plagioclase phenocrysts within monzogranite at 
Elizabeth Castle. Proposed origins for this texture range from deformation twinning 
(Starkey, 1959), to the partial replacement of plagioclase (Callegari and Pieri, 1967). The 
model that is most appropriate to the granitic rocks from Elizabeth Castle suggests that 
chequered textures in plutonic rocks were the result of late crystallization from a magma 
containing abundant volatiles (Tilley, 1919). The existence of abundant volatiles within the 
granitic magma at Elizabeth Castle has already been confirmed by the presence of 
granophyric intergrowths and field evidence such as the miarolitic cavities in the granitic 
rocks at the Hermitage. 
3.3. Dioritic rocks 
Rocks of dioritic composition are present across the eastern reefs and have been separated 
into 4 main varieties on the basis of their appearance in the field (Section 2.2. ). 
3.3.1. Fine-diorite 
The fine-diorite is the most common dioritic variant. A petrographic summary of fine- 
diorite can be found in Table 3.5. It is predominantly fine-grained but medium-grained 
varieties are occasionally encountered. The rock consists of c. 50% plagioclase and c. 50% 
amphibole with a variety of accessory minerals. Subhedral to anhedral plagioclase laths are 
extensively altered to sericite (Plate 3.5. ). Alteration is most intense in the core of crystals. 
Amphibole is predominantly actinolite and hornblende is occasionally found. 
Table 3.5. 
Petrographic summary: fine-diorite 
Plagioclase: subhedral to anhedral; laths; 0.5-1 mm; intensely sericitized in core 
Amphibole: anhedral; 0.5-1 mm; interstitial; actinolite and hornblende; heavily altered 
Apatite: euhedral; acicular; <0.5 nun; crystals occasionally form open spherulites 
Sphene: anhedral; rare 
Opaques: subhedral; common 
Epidote: anhedral; yellow pleochroic; common 
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Plate 3.5. Typical texture of the fine-diorite. Note that the rock is extensively altered. I his is 
demonstrated by the lack of visible twinning in the plagioclase crystals as a result of sericitization 
i'? .:; Y, fit. -t 
," ;ý ý" 
:. rýS ;"ý 'ý ý . Sý'ý 
; ý'ý ` 
3": ßv, x' 
_ 
/`". 
Z ý^ 
(: u" 
82 
Plate 3.6. Close-up of acicular apatite crystals iri sub-parallel 
magnification=220) 
Epidotc is oßcn prcscnt as an altcmtion p duct su*J to ckowty ImmKiatcd Uith 114, I1 
plagiociasc and actinolitc and forms individual grains or small clu. + crs. Ck a kunalfy. 
aggrcgatcs of cpidotc complctcly pscudomorph cntirc plagk cLsc cr? 3tak. Acicutar apititc 
crystals, up to 1.5mm in lcngth, arc common within plagioclase latli. A fatitc is usually 
found as individual crystals. but is somctimcs obscncd in the form ofaciculat cfl3tat. h that 
radiate from a central point forming open sphctutitic tcxtutcs. C) axionalfy apatite ctyitali 
arc cncountcrcd in parallel alignment (i'latc 3.6. ). 
3.3.2. Monzodiorite 
The monzodioritc is a mccdium-graincd rock consisting of C. 4410 pLigkxLtw. c. 4mo 
amphibole, c. 6% alkali-fcklspar. c. 10% quartz and a %wkty or acccssory minctalL A 
petrographic summary of monzodioritc can be found in Table 3.6. Et ral to sutlictlral 
plagioclase laths arc usually altered to scricite in the core. the nimm king urtiltctttL 
Table J. 6. 
Petrographic summary: monzodior to 
Plagioclase: cuhcdral to subhcdral; laths; 1.2 nun; hca%ily scricitircd nuinty in c', tc: 
phcnocrysts completely altern! 
Amphibole: anbedral; pale green/grccn, weak picochmvir; actinolitc; occ Tonal tin»ýn 
patches, pleochroic; pale bromsn''b ow%n; homblcndc; opaque inclusions corm n 
Alkali-feldspar. subliedrul; often prcscnt as m tcrgn stts in cm1m)cd quautt and 
granophyric texture 
Quartz: interstitial; often in aggregates of up to 8 quartz grains, up to 4mm in %Wlh: 
faces often curved 
Apatite: acicular; crystals up to 1.5 mm 
Opaqucs: subhcdral; common 
Motile: subbedral; partially altered to chlorite; only found in a gtrj; atcs ufqu rti 
1: pldotc: anhcdral; individual crystals and aggregates 
Chlorite: anhedral 
Grains arc occasionally completely scrkiticf. I: piJotc Is also Mscnl Al an altctatk)fl 
product of plagioclase and amphibole. Amphibole is prYJ«mir rtly Artinolitc and cr}3ta1s 
arc occasionally found with hornbkndc corns and patchcs. Ann! 'ulvoks we uAcn p. uttallys 
replaced by cpidote. Oraqucs arc often found conccntraicd alor Ow ckavagc plane º of 
amphiboles. Quartz crystals are usually anlydral but arc occ knu ly crba)c1. intct. litlal 
aggrrgatcs of quartz crystals are sporadically prncnt bct%%cen an vilvIc and pI39k date 
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(Plate 3.7. ). Subhedral alkali-feldspar is closely associated with quartz, as is biotite. Fine- 
grained, acicular apatite is frequently found within plagioclase and quartz grains. 
3.3.3. Porphyritic diorite 
The porphyritic diorite is predominantly medium-grained. The rock consists of c. 60% 
plagioclase and c. 40% amphibole with a variety of accessory minerals. A petrographic 
summary of the porphyritic diorite can be found in Table 3.7. Plagioclase phenocrysts, 
which make up 4-10% of the rock, are tabular, euhedral and range up to 4 mm in length. 
They are always altered to sericite and twin planes are not visible (Plate 3.8. ). Subhedral to 
euhedral plagioclase laths have sericitized cores and unaltered rims. Plagioclase crystals 
often have uneven, ragged edges and occasionally form radiating, open spherulitic textures 
(Plate 3.9. ). The majority of the amphiboles are actinolite some of which have cores or 
patches of hornblende. Amphibole is often partially altered to epidote. Subhedral pyroxene 
crystals are present but are always sub-ordinate to the amphibole. Small interstitial quartz 
Table 3.7. 
Petrographic summary: porphyritic diorite 
Plagioclase: euhedral to subhedral; laths; groundmass 0.75-1 mm; sericitized; 
phenocrysts up to 4mm completely sericitized; cores of groundmass grains altered, rims 
unaltered; grain edges often ragged 
Amphibole: anhedral; 0.5 mm; interstitial; pale yellow/pale green, weak pleochroic 
actinolite; occasional pale brown/brown pleochroic hornblende cores and patches in 
grains, 
Pyroxene: subhedral; 0.5 mm; non-pleochroic, white; better crystal shape than 
amphiboles 
Quartz: anhedral; interstitial aggregates 
Apatite: euhedral; acicular; <0.5 mm 
Opaques: subhedral; common 
Biotite: euhedral 
Epidote: uncommon 
aggregates are uncommon. Biotite is often found within the quartz aggregates. Fine- 
grained acicular apatite crystals are frequently found within quartz and plagioclase. Apatite 
needles occasionally form open spherulites or align sub-parallel to each other (Figure 3.9. ). 
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unaltered rims. Note how several quartz crystals form an aggregate in the centre of the 
photomicrograph (XPL, magnification=34.4). 
sericite. Plagioclase in the groundmass is only altered in the core of the crystals while the rims are 
unaltered (XPL, magnification=34.4). 
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Plate 3.7. l haracteristic te\turc of the mote od riie. Piaýioci tý crystals haw sericitized cores and 
Plate 3.8. Plagioclase phenocr,, st in porphyritic diorite. The phenocrvsts are completely altered to 
Opaque minerals are common in the groundmass and are often found as inclusions in 
amphibole. 
3.3.4. Coarse diorite 
The coarse diorite consists of c. 65% plagioclase and c. 35% amphibole with a variety of 
accessory minerals. A petrographic summary of the coarse diorite can be found in Table 
3.8. Plagioclase phenocrysts, which make up 30-50% of the rock, are tabular, euhedral to 
subhedral and range up to 7mm in length. They are extensively altered to sericite. Epidote 
is also present as an alteration product. Phenocrysts are separated by narrow zones of fine- 
to medium-grained groundmass (Plate 3.10. ). 
Plagioclase laths in the groundmass are euhedral to subhedral and sericitized. Amphibole is 
usually actinolite but hornblende grains are occasionally encountered. These are usually 
present as fragmented cores and patches which are surrounded by actinolite. Amphiboles 
are often partially replaced by epidote. Opaque minerals are common in the groundmass 
and are usually associated with amphibole. Acicular apatite is prevalent within plagioclase 
laths. 
Table 3.8. 
Petrographic summary: coarse diorite 
Plagioclase: euhedral to subhedral; tabular phenocrysts up to 7 mm, groundmass laths 
2mm 
sericitized; unaltered sodic rims rare 
Amphiboles: anhedral; actinolite, pleochroic pale green/green, actinolite; hornblende, 
pleochroic pale brown/dark brown grains, cores and patches 
Apatite: acicular; c. 0.5 mm 
Opaques: subhedral to anhedral 
Epidote: anhedral; mainly found in aggregates replacing plagioclase and amphibole 
3.3.5. Fine-grained margins 
All of the dioritic rock types are found with narrow fine-grained margins at granophyre and 
monzogranite interfaces. Fine-grained margins are usually between 1 mm and 4 mm in 
width. Wider margins up to 7 cm are rare. Grain-size ranges from <0.2 mm at the contact 
to 0.75 mm within 1 cm of the contact. Fine-grained margins are dominated by plagioclase, 
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Plate 3.10. Typical texture in the coarse diorite in which the zd, ý> , ýi )h. jt cr, sr ot-plagioclase 
(p) are visible (centre top and bottom left). These are separated 
by fine-grained groundmass (g). 
(XPL, ma_nification=3-l. ß). 
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porphyritic diorite forming an open spherulitic texture 
(XPL, magnification=34.4). 
amphibole and opaques. Plagioclase crystals often radiate from a single nucleation point 
forming an open spherulitic texture. Spherulitic textures occasionally extend into the diorite 
away from the margin. Anhedral actinolites and hornblendes are also finer-grained and 
appear more abundant. Hollow amphiboles are occasionally found and are most prominent 
when observed in basal section. Apatite needles, chlorite and epidote are common 
accessory phases. Fine-grained opaques are abundant at chilled margins. 
3.3.6. Discussion 
Acicular apatite within plagioclase and quartz crystals is indicative of rapid cooling (Wyllie 
and Cox, 1962; Lofgren, 1980). Similar acicular apatite has been documented in mafic 
rocks closely associated with felsic rocks world-wide (Reid et at., 1983; Cantagrel et al., 
1984; Cocherie et al., 1984, Moyes, 1986; Zorpi et al., 1989; Blundy and Sparks, 1992; 
Seaman and Ramsey; 1992). Apatite occasionally forms open spherulitic textures, again 
suggesting that the magma cooled rapidly (Lofgren, 1980). Open spherulitic plagioclase 
crystals show that the porphyritic diorite was magmatic prior to being cooled by granitic 
magma (Lofgren, 1980). Similar textures have been found adjacent to granite-dolerite 
contacts in other complexes (Gamble, 1979). 
Field-evidence presented in Chapter 2 points towards the formation of fine-grained margins 
by the interaction of contemporaneous granitic and dioritic magma. Fine-margins are 
interpreted as quench features, which form when two magmas with differing magmatic 
temperatures coexist. Brown hornblende in chilled margins at Elizabeth Castle is interpreted 
as being magmatic in origin. Hollow amphibole in the diorites is believed to represent 
quench textures (Bryan, 1972). Hornblende, acicular apatite and spherulitic textures are 
presented as evidence that dioritic lithologies were magmatic upon contact with the cooler 
granitic magma. 
Interstitial aggregates of felsic minerals give monzodiorite a mottled appearance. These 
felsic aggregates are composed of quartz and alkali-feldspar. The quartz crystals within 
felsic aggregates are often embayed. Silicate melts can invade dioritic enclaves through 
pore channels by advection and grain boundary diffusion (Petford et al., 1996). As the 
diorite crystallizes the invading melt becomes trapped resulting in quartz and alkali-feldspar 
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crystallising in situ. Salmon (1992) and Deleris et al. (1996) also attribute the presence of 
quartz and alkali-feldspar within dioritic enclaves to the infiltration of granitic liquids. Felsic 
aggregates within monzodiorite at Elizabeth Castle demonstrate interaction by fluid 
infiltration between the granitic rocks and diorites. 
Actinolite occurs in low- to medium-grade metamorphic rocks and often overgrows 
hornblende (Phillips and Griffen, 1981). Brown patches and cores mantled by actinolite 
indicate that hornblende was a primary magmatic phase in the diorite at Elizabeth Castle. 
The growth of hornblende reflects the addition of water to dioritic melts, possibly from the 
hydrous felsic magma (Wiebe, 1980) and the presence of hollow prismatic amphiboles 
indicates their rapid crystallization from a melt (Regan, 1985). ' More than 3% H2O is 
required to crystallize amphibole early from a basic melt (Eggler, 1972). It has also been 
suggested that water contents of between 4 and 8% are required to crystallize hornblende 
from a melt (Naney and Swanson, 1980). In some of the diorite from Elizabeth Castle, 
pyroxene crystals are found alongside, but are always subordinate to, amphiboles. The 
reaction clinopyroxene + liquid amphibole may have occurred during crystallization 
(Topley & Brown, 1984). Another explanation for the absence of pyroxene from the 
majority of the Elizabeth Castle diorite, is that the mafic magma cooled rapidly to the 
hornblende and plagioclase stability field. This inhibited the nucleation of the higher 
temperature phases such as clinopyroxene (Blundy & Sparks, 1992). Many of the 
amphiboles at Elizabeth Castle appear to be fragmented and have growth imperfections. 
This is also consistent with their rapid crystallization from a magma (Key, 1977). 
All of the rocks at Elizabeth Castle show alteration to varying degrees indicative of lower 
greenschist facies metamorphism. This alteration is found in other rocks on Jersey and is 
interpreted to be a result of a localised regional event (Lees, 1990). The alteration of 
plagioclase to sericite in the diorite is aided by the presence of hydrothermal fluids 
(Alderton, et al., 1980). Alteration is concentrated in the core region of grains. Growth of 
sericite requires the addition of water and W. A source of K+ may be from chloritization of 
biotite. As biotite is not present in the diorite it may be possible to get K+ if the source of 
the fluid is from the granitic rocks. The K+ reacts with the anorthite component of 
plagioclase and frees Ca2+ (Shelley, 1993). This suggests that the cores of plagioclase are 
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preferentially altered as they are An-rich in comparison to the rims. Unaltered rims to 
plagioclase crystals have sharp contacts with sericitized cores. The rims may have formed 
by continued crystal growth while the diorite was in equilibrium with the felsic magma 
(Vernon, 1991). It is possible that the sericitization of the cores occurred prior to the 
crystallization of the unaltered rims. 
The dioritic rocks from Elizabeth Castle are altered to a higher degree than the granitic 
rocks. It is possible that the majority of the alteration in the diorite took place prior to 
emplacement of the silicic rocks, as both should show comparable amounts of alteration if 
they were altered by the same metamorphic event. This suggests that hydrothermal fluids of 
external derivation caused the sericitization of the plagioclase. The granitic rocks from 
Elizabeth Castle could be the source for the fluids as it has already been shown that the 
presence of miarolitic cavities and the formation of granophyric texture involves the driving 
of volatiles from the magma. 
Epidote, sericite, chlorite and actinolite all appear to be products of the alteration of primary 
phases. The alteration of plagioclase to sericite would result in the release of Cat+, this 
combined with components released during chloritization forms epidote (Que and Allen, 
1996). Chlorite, actinolite and epidote are common phases within rocks that have been 
subjected to greenschist facies metamorphism (Yardley, 1989; Shelley, 1993). This 
alteration has been recognised in the Jersey main dyke swarm as being indicative of lower 
greenschist facies metamorphism though its origin is uncertain, being either of hydrothermal 
origin or a regional event (Lees, 1990). 
3.4. Hybrid rocks 
Two main types of hybrid rocks are found at Elizabeth Castle, tonalitic hybrid and grey 
hybrid. Within the description of the grey hybrid, terms such as enclave and clot are used. 
The distinction between an enclave and a clot is: an enclave is composed of a dioritic 
lithology that can be identified, while a clot is a small (<10mm), irregular shaped mafic form. 
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Plate 3.1 1. Typical texture in the tonaliur hybrid W di an acicular amphibole in the centre of the 
photomicrograph (XPL, magnification=34.4). 
3.4.1. Tonalitic hybrid 
The tonalitic hybrid is composed predominantly of c. 60% medium-grained plagioclase, c. 
20% amphibole, c. 15% quartz and c. 5% biotite and several accessory minerals. A 
petrographic summary of tonalitic hybrid can be found in Table 3.9. Plagioclase grains 
display normal zoning and are often altered to sericite in the core with unaltered rims. 
Quartz is interstitial to plagioclase and amphibole, and is frequently embayed. Interstitial 
granophyric textures are occasionally present. Alkali-feldspar is rare and is only present 
within granophyric texture. Actinolite and hornblende are both found within tonalitic 
hybrid. Most amphiboles are acicular, up to 6mm, and are usually discontinuous along their 
length (Plate 3.11. ). Euhedral basal sections are common. Hornblende is often mantled by 
actinolite (Plate 3.12. ). Biotite is usually partially altered to chlorite. Apatite is usually 
short and stubby but acicular crystals, up to 1.5mm in length, are found within plagioclase 
and quartz. Opaque minerals are uncommon in the groundmass but are present as alteration 
products of biotite and amphibole. 
Sharp contacts are always observed between tonalitic hybrid and both diorite and granitic 
rocks. The margin between diorite and tonalitic hybrid is always chilled. Occasionally a 
thin leucocratic alkali-feldspar and quartz rich zone is observed between diorite and tonalitic 
hybrid. 
Table 3.9. 
Petrographic summary: tonalitic hybrid 
Plagioclase: euhedral to subhedral; 1 mm; phenocrysts up to 4 mm; tabular; cores of 
crystals often sericitized 
Amphibole: subhedral to anhedral; often acicular; 1-6 mm; basal sections common; pale 
brown/brown pleochroic hornblende grains, found in cores and patches; pale green/green 
actinolite rims and grains; acicular grains often discontinuous 
Quartz: anhedral; interstitial 
Biotite: subhedral; pale brown/dark brown pleochroic; often altered to chlorite 
Textures: granophyric and embayed quartz are occasionally found 
Apatite: short stubby to acicular; often cross several crystals 
Opaques: subhedral; alteration product of amphibole 
Chlorite: usually replaces biotite 
3.4.2. Grey hybrid 
The grey hybrid has a medium-grained groundmass and consists of c. 35% plagioclase, c. 
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open spherulite in the centre of the photomicrograph 
(XPL, magnification=86.6). 
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of sericitized plagioclase, actinolite, opaques, chlorite and epidote (XPL, magnification 
R. h ) 
Plate 3.14. Sericitized plagioclase crystals in the grey hybrid. F he plagioclase 
forms a uuw-Ile snapcu 
15% alkali-feldspar, c. 18% quartz, c. 14% amphibole and < 5% biotite. A petrographic 
summary of the grey hybrid can be found in Table 3.10. Plagioclase xenocrysts , which 
make up c. 8% of the total plagioclase in the rock, are tabular, subhedral to euhedral and 
range up to 4mm in length. They are altered to sericite, though albite twin planes are still 
visible in the majority of xenocrysts. The xenocrysts are occasionally corroded, with quartz 
occupying the vacancies in the crystal. Mafic clots, which make up 15-30% of the rock, are 
sub-rounded, contain lath shaped plagioclase, actinolite, opaques, chlorite and epidote and 
range from 0.5 to 3mm in size (Plate 3.13. ). Angular to sub-rounded enclaves within the 
grey hybrid range up to 30 mm in diameter and comprise all of the dioritic lithologies listed 
above. 
The groundmass consists of plagioclase, alkali-feldspar, quartz, amphibole, biotite and a 
variety of accessory minerals. Plagioclase is found as both tabular and lath-shaped crystals 
all of which are altered to sericite to some degree. Plagioclase laths often form bow-tie 
shaped open spherulites (Plate 3.14. ). Several quartz crystals often form small aggregates. 
Individual grains are occasionally embayed with alkali-feldspar filling the gaps in the 
embayments. Amphiboles are actinolitic and biotite is chloritized. Opaques are uncommon 
in the groundmass and are usually found within the mafic clots. 
Table 3.10. 
Petrographic summary: grey hybrid 
Plagioclase: euhedral to subhedral; tabular and lath shaped; 1 mm; xenocrysts up to 4 
nun; sericitized; bow-tie spherulitic textures common; cellular textures in the xenocrysts 
Alkali-feldspar: subhedral, 1mm, sericitized 
Quartz: anhedral; interstitial; small grains; aggregates of quartz common; embayed 
quartz is rare 
Ampfiltole: subhedral to anhedral; 1 mm; green pleochroic, actinolitic 
Biotite: altered to chlorite 
Apatite: acicular; common as inclusions within plagioclase and quartz 
Fine-grained clots: 0.5 mm-3 mm; sericitized plagioclase laths and amphibole 
Opaques: subhedral 
Chlorite: common as an alteration product of amphibole and biotite; occasionally forms 
spherulites 
Epidote: rare 
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3.4.3. Discussion 
Field relationships suggest that the hybrid rocks formed through interactions between diorite 
and monzogranite. Both the tonalitic hybrid and the grey hybrid are discussed together 
within this section but it is possible that different processes were responsible for their 
formation. 
Abundant magmatic hornblende and acicular apatite in the tonalitic hybrid zones points 
towards their crystallization from a magmatic environment. Sporadic occurrence of 
granophyric intergrowth, embayed quartz and biotite suggest a strong affinity between 
tonalitic hybrid and the granitic rocks. Alkali-feldspar is only present in tonalitic hybrid 
within granophyric texture and quartz embayments. 
It is possible that amphiboles in the tonalitic hybrid are xenocrysts (i. e. a crystal originating 
from diorite). However, this is unlikely as large acicular homblendes, like those found in 
tonalitic hybrid, are not encountered in any of the dioritic lithologies. Hornblende in the 
tonalitic hybrid is interpreted to have grown in a magmatic environment. The large, almost 
perfect form of many of the amphiboles is indicative of slow growth (Key, 1977). The 
presence of both amphibole and biotite indicates that phases from both diorite and granitic 
rocks were involved in the formation of tonalitic hybrid. It is suggested that the migration 
of fluids from the granitic magma towards the diorite and associated chemical transfer 
promoted the growth of hydrous phases such as magmatic amphiboles and biotite in the 
tonalitic hybrid. Such interactions are possible over short distances through processes such 
as diffusion and infiltration. 
Two types of plagioclase are present within the grey hybrid; extensively sericitized laths and 
less altered tabular grains. It is possible that both types of plagioclase originate from 
separate sources. Plagioclase laths often form spherical and bow-tie open spherulitic 
textures, both of which are indicative of a melt that has been cooled rapidly (Lofgren, 1980). 
The sericitized laths are of a comparable form to crystals from dioritic rocks, while tabular 
grains are similarly shaped to those found within granitic rocks. This suggests that magma- 
mixing of diorite and granitic rock may be responsible for the formation of grey hybrid. 
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Mafic clots and amphiboles are found in abundance within the grey hybrid. Mafic globules 
in a felsic host have been interpreted by Gourgaud (1991) to represent the fragmentation of 
mafic enclaves through mechanical mixing. Amphiboles are not encountered within any of 
the granitic rocks so their presence is interpreted to be either xenocrystal or as a product of 
crystallization from a hybrid liquid. The amphiboles within grey hybrid are actinolitic in 
composition and are therefore not regarded as being magmatic. This suggests that the 
amphiboles within grey hybrid are possibly xenocrysts. The grey hybrid appears to be a 
product of the mixture of the diorite and the monzogranite. Imperfect granophyric textures, 
plagioclase phenocrysts, tabular plagioclase, quartz and biotite probably originate from the 
monzogranite while fine-grained mafic clots, plagioclase laths and actinolite appear to be 
dioritic in origin. 
It is suggested that the tonalitic hybrid formed by small scale interaction between 
monzogranite and diorite, while the mineralogy and textures encountered in the grey hybrid 
appear to represent the mechanical mixing of diorite and monzogranite. These processes are 
discussed further in Chapter 7. 
3.5. Summary 
Textures such as granophyric, rapakivi and cellular plagioclase in the granitic rocks are 
indicative of volatile loss and resultant undercooling. Embayed quartz crystals suggest that 
the monzogranite magma was superheated. This was probably caused by the presence of 
more basic magma. The diorite and granitic rocks were originally coexisting magmas as the 
diorites frequently contain textures such as skeletal crystals, spherulitic feldspars and 
acicular apatite. Samples of all of the rocks have been altered by greenschist facies 
metamorphism The enhanced alteration of the diorites was possibly caused by infiltration 
of fluid originating from the granitic magma. Petrographic and field studies suggest that 
grey hybrid formed from the mechanical mixing of a diorite and granitic magma. It is 
implied that the tonalitic hybrid is the result of interaction between diorite and granitic rocks 
by diffusion and possibly infiltration. The origin of the hybrid rocks from Elizabeth Castle 
cannot be proved by petrography or field relationships. 
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Chapter 4: Geochemistry 
4.1. Introduction 
Selection of specimens for geochemical analysis was based on rock type and locality. The 
samples, weighing between 5 and 10 kg, were collected and split into manageable pieces to 
remove any weathered surfaces. The fresh rock was passed through a jaw-crusher and the 
resultant material was coned and quartered, providing a smaller, yet representative, sample 
of the rock. Around 100 grams of the sample was placed into a tungsten-carbide tema-mill, 
and agitated for around 30 seconds. The remaining sample was then bagged and used for 
the analysis. 
Sample analysis for major and trace elements was carried out at the University of Keele 
using X-Ray Fluorescence spectrometry (XRF). Powders were ignited to determine loss on 
ignition. Pressed powder pellets were then prepared to analyse for major elements (Si02, 
Ti02i A1203, Fe203T, MnO, MgO, CaO, Na2O, K20, P205) and fused beads prepared for 
trace element (Ba, Cr, Cu, Ga, Nb, Ni, Pb, Rb, Sr, Th, V, Y, Zn, Zr) and limited rare earth 
element analyses (La, Ce). In order to check the accuracy of the results a number of 
calibration standards were used. The data was calculated using ARL's DPS software. All 
analyses that did not fall within a I% margin were deemed unreliable. 
Selected samples were analysed for rare earth elements (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, 
Dy, Ho, Er, Yb, Lu) using Inductively Coupled Plasma Emission Mass Spectrometry (ICP- 
MS) at the University of Greenwich. To check for the accuracy of the ICP results five 
standards were analysed at the start and end of the runs. All geochemical analyses are given 
in Appendix B and Appendix C. 
The rocks from Elizabeth Castle exhibit a wide compositional range from 45-73 wt % Si02. 
Fine-diorite has the lowest SiO2,45-51 wt %, while monzodiorite, porphyritic diorite and 
coarse diorite show a progressive increase in silica, 47-56 wt %. Of the acidic rocks, 
eastern granophyre has the lowest values, 65-71 wt % Si02. These values increase 
marginally for the monzogranite, 66-68 wt % Si02, and continue to rise within the western 
granophyre, 70-72 wt %. The highest silica values are found within red granite, 71-73 wt 
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%. Hybrid rock types plot between diorite and granitic compositions, 59.6-66.4 wt % Si02. 
Three texts (Wedepohl, 1969; Fairbridge, 1972; Middlemost, 1997) are referred to 
extensively and will not be acknowledged again in this chapter. 
The terms incompatible and compatible are referred to within this chapter. Incompatible 
means that the element preferentially partitions into the magmatic liquid rather than the 
coexisting crystalline assemblage. This should result in the progressive enrichment of the 
element in the remaining liquid. Compatible refers to the elements that are preferentially 
allocated into the crystallizing phases. 
4.2. Tectonic setting 
The igneous AFM diagram plots alkalis (Na2O+K20) against iron oxides (FeO+Fe2O3), and 
magnesium (MgO), and is used to discriminate between calc-alkaline and tholeiitic 
fractionation trends. As alkalis increase, calc-alkaline rocks generally have lower iron 
enrichment relative to magnesium than tholeiitic rocks (Cox et al., 1979). Samples from 
Elizabeth Castle plot on a calc-alkaline trend on the AFM diagram (Figure 4.1 a). Diorite 
from Elizabeth Castle plots on a similar trend but with slightly higher (A+F)/M than the 
diorite and appinite from south-east Jersey as defined by Key (1987). Key also plots 
gabbroic rocks which are magnesium enriched compared to diorite from Elizabeth Castle 
(Figure 4.1 b). A similar calc-alkaline trend is documented by Atherton et al. (1979) for the 
Coastal Batholith of Peru (Figure 4.1 c). All samples from Elizabeth Castle plot outside the 
gabbroic fields defined by Atherton et al. (1979) and Key (1987). 
Pearce et al. (1984) devised a series of diagrams to discriminate between the different 
tectonic settings of granitic rocks. The diagrams are divided into areas, defining different 
tectonic settings: ocean ridge granites (ORG); volcanic arc granites (VAG); within plate 
granites (WPG) and syn-collision granites (syn-COLG). The granitic rocks from Elizabeth 
Castle, and the Fort Regent granophyre were plotted on the Y vs Nb and Y+Nb vs Rb 
diagrams (Figure 4.2 and 4.3). All of the silicic rocks plot within the VAG field, but He 
close to the WPG field. Volcanic Arc Granites are associated with subduction zone settings 
and calc-alkaline suites. This is comparable to other calc-alkaline and Cadomian complexes 
(Pitcher and Cobbing, 1985; Brown et al., 1990; Salmon, 1998). 
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Symbols used for rocks from 
Elizabeth Castle. 
Fine-Diorite 
0 Monzodiorite 
Porphyritic Diorite 
Coarse Diorite 
Tonalitic Hybrid 
Grey Hybrid 
Eastern Granophyre 
Western Granophyre 
Monzogranite 
X Fort Regent Granophyre 
Red Granite 
Na20 + K20 MgO 
AMAM 
Figure 4.1a AFM diagram showing the calc-alkaline trend in Elizabeth Castle rocks. (b) composition 
of gabbro (blue), diorite (green) and appinite (red) rocks from Jersey (Key, 1977). (c) composition of 
granitoid (yellow) and gabbroic (blue) rocks from the Coastal Batholith, Peru (Atherton et al. 1979). 
See the top of the page for key to symbols. 
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Figure 4.2. Y vs Nb discrimination diagram to define the tectonic setting of the granite (Pearce 
et al. (1984). Fields: VAG-volcanic arc granites; syn-COLG-syn-collisional granites; WPG-within 
plate granites; ORG-ocean ridge granites. For key to symbols see Figure 4.1. 
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Figure 4.3. Y+Nb vs Rb discrimination diagram to define the tectonic settings of the granite (Pearce 
et al., 1984). Fields as Figure 4.2. For key to symbols see Figure 4.1. 
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4.3. Major element chemistry 
The samples plot within distinct groups on the majority of `Harker' diagrams, of the 
diorites, fine-diorite has the lowest silica concentrations while monzodiorite has the highest. 
For certain elements, Ti02, Al2O3, Fe203, MnO and MgO, coarse diorite plots separate to 
the rest of the diorites. The various granitic lithologies also He in distinct groups for the 
majority of major elements. Eastern granophyre shows more scatter than western 
granophyre. The monzogranite, Fort Regent granophyre and red granite plot in distinct 
groups, but within the fields covered by the eastern and western granophyres. The major 
element geochemical analyses can be found in Appendix B. 
Well-constrained inverse trends are observed for CaO, Fe2O3T and MgO with increasing 
Si02 (Figure 4.4). Fe2O3T values for coarse diorite are lower than the other diorite samples. 
MnO and TiO2 have negative trends with increasing SiO2. MnO values are scattered in both 
the diorite and granitic rocks while Ti02 values are scattered within diorite but well- 
constrained in granitic rocks. Coarse diorite concentrations of MnO and TiO2 lie below 
values for the most of the diorite rocks. P205 shows a marked inflection at c. 55 wt % Si02 
with diorite values lying on a positive trend while hybrid and granitic rocks plot on a steep 
negative trend. 
The trend for A1203 is comparatively flat for diorite while the granitic rocks He on an inverse 
trend separated from the diorite by a slight inflection at c. 55 wt % Si02. Coarse diorite has 
markedly higher A1203 values than all other diorite. 
Na2O shows a marked inflection at c. 60 wt % Si02. Diorites plot on a positive trend while 
granitic rocks and hybrid He on a negative trend. Some of the highest Na2O values are in 
hybrid samples. K20 shows a positive trend with increasing SiO2. The K20 vs Si02 
diagram is subdivided into tholeiitic, calc-alkaline and high-K calc-alkaline fields (Rickwood, 
1989). A slight inflection is present between diorite and hybrid values, producing two 
apparent trends. One for diorite values and another for hybrid and granitic values. Na2O vs 
K20 shows two distinct trends. Both oxides increase in diorites, but granitic rocks fall on 
an inverse trend with Na2O decreasing as K20 increases. Hybrid samples plot about the 
inflection point. 
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Symbols used for rocks from 
Elizabeth Castle. 
0 Fine-Diorite 
A Monzodiorite 
Porphyritic Diorite 
Q Coarse Diorite 
Tonalitic Hybrid 
Grey Hybrid 
0 Eastern Granophyre 
® Western Granophyre 
Q Monzogranite 
Fort Regent Granophyre 
Red Granite 
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4.3.1. Discussion 
A compositional gap exists between diorites <56% and granitic rocks >65% on all diagrams. 
Silica values for hybrid rocks always lie within this gap. The tonalitic hybrid and grey hybrid 
often lie on a linear trend between granitic and dioritic valves. Such linear trends have 
previously been interpreted as indicating that the hybrids have formed through magma- 
mixing (Cox et al., 1979; Whalen and Currie, 1984; Hess, 1989; Wilson, 1989; Flood et al., 
1989; Neves and Vauchez, 1995; Hassanen et al., 1996; Deleris et al., 1996, D'Lemos, 
1996). It has also been suggested that linear trends can result from fractional crystallization 
processes (Cox et al., 1979; McBirney, 1980; Maaloe, 1985; Wilson, 1989; Blake et al., 
1990; Hassanen et al., 1996; Deleris et al., 1996). 
In magmatic rocks Ti02 follows a similar path to Fe203 in that it is affected strongly by the 
level of oxygen fugacity. Titanium is mainly partitioned into iron oxides (Wilson, 1989). It 
may also substitute for Fe2+ or Mgt' enriching Ti in amphiboles and micas. Sphene may be 
an important carrier of titanium within the granitic rocks. A decrease in titanium with 
increasing silica is common in calc-alkaline series, as titanium is compatible during the early 
stages of fractionation. Titanium cöntents in the diorite show some scatter with coarse 
diorite having lower values. As titanium is relatively immobile, it is possible that the scatter 
may be caused by a combination of mixing and fractionation processes (Brown and Becker, 
1986). 
Aluminium is present in feldspars, especially plagioclase into which it partitions during early 
stages of fractionation. This may explain the decrease in A1203 with increasing silica. 
Aluminium values are highest in coarse diorites from Elizabeth Castle. This may be 
indicative of its partitioning into the plagioclase phenocrysts during the early stages of 
fractionation (Tate et al., 1997). Porphyritic diorite also contains relatively high aluminium 
suggesting that aluminium does partition into the phenocrysts. Calcic amphiboles also have 
appreciable amounts of aluminium as A13+ replaces both Si4+ and Fe/Mg in octahedral sites in 
hornblende which may help explain the higher values of aluminium in diorite compared to 
granitic rocks. 
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Iron is a major constituent of ferromagnesian silicates, amphibole and biotite. It is also 
found as magnetite. The stability of iron-bearing minerals is dependent on the oxygen 
fugacity (f02) in a system and therefore oxygen fugacity has some control on fractionation 
(Maaloe, 1985). Total iron decreasing with increasing silica reflects the early crystallization 
of iron oxides (Wilson, 1989; Hughes, 1982). 
In igneous rocks MnO usually correlates with ferrous iron. Manganese partitions into 
ferromagnesian and iron titanium oxide minerals replacing Fe 2. The fractionation of 
amphibole from the magma would result in the decrease of MnO. Manganese is present in 
appreciable amounts in apatite and is also found in biotite and sphene (Nockolds and 
Mitchell, 1948). 
Magnesium is distributed into mica and amphibole under increased water and oxygen 
fugacity. Amphibole is the dominant magnesium-bearing phase within diorite. Fractionation 
of ferromagnesian minerals would produce the observed inverse trend. As the diorite 
contain more ferromagnesian minerals they are more enriched in magnesium than the acid 
samples. Increased MgO within fine-diorites and lower MgO in monzodiorite and coarse 
diorite reflects the modal mineralogy of the diorite with fine-diorite containing a higher 
proportion of amphibole. 
Fractionation of calcic phases and their decrease with increasing silica probably accounts for 
the inverse trend of CaO. Calcium is incorporated into plagioclase and amphibole, 
particularly hornblende. Epidote, a product of alteration present mainly within diorites at 
Elizabeth Castle also contains appreciable amounts of calcium. 
Plagioclase and alkali-feldspar both contain sodium, the proportion that enters - alkali- 
feldspar increasing with increasing temperature. Sodium is also partitioned into Fe-Mg 
minerals in minor amounts. The inflection at c. 60 % silica and the subsequent negative 
trend within the granitic rocks is interpreted as a result of the onset of crystallization of 
alkali-feldspar depleting the residual liquid in sodiurn. 
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Potassium is a major constituent in many minerals especially mica and feldspar. Mid to late- 
stage partitioning of potassium into K-feldspar during fractionation is consistent with the 
positive trend displayed. Using the classification scheme used by Rickwood (1989), all 
samples from Elizabeth Castle fall within the high-potassium calc-alkaline field, nearly all 
with K20 greater than 1%. The values for the granitic rocks suggest that they formed at an 
active continental margin and correspond with the high-K nature of other Cadomian 
plutonic complexes (Brown et al., 1990; Lees, 1990). 
Phosphorous is strongly enriched in samples that contain modal apatite (Nockolds and 
Mitchell, 1948). P205 is incompatible in mafic melts while it is a compatible element in 
felsic melts (Ecklund et al, 1994). If the rocks are related by fractionation the evolved 
liquid would be depleted in P205 (Vogel, 1982). The crystallization of apatite from the melt 
may explain the trend. 
4.4. Trace element chemistry 
Trace elements rarely form minerals in their own right and usually substitute for the major 
elements in minerals. They are incorporated or excluded from minerals more selectively 
than major elements and are therefore regarded as sensitive indicators of igneous processes 
(Blake et al., 1990; Rollinson, 1993). The trace element geochemical analyses can be found 
in Appendix B. 
Diorite samples show a negative trend for nickel and chromium, with monzodiorite 
generally having lower values than fine-diorite. Hybrid and granitic rocks have consistently 
low concentrations (Figure 4.5). Strontium and vanadium both decrease steadily with 
increasing silica. There is some scatter in the diorites with the remainder of the trend being 
well constrained. Thorium increases with silica producing a well-constrained positive trend. 
Barium displays considerable scatter in diorites and granitic rocks with coarse diorite 
concentrations being lower than in the other diorites. Rubidium also shows appreciable 
scatter in the diorites, while the granitic rocks and hybrids lie on a positive trend, though 
they are still rather dispersed. Lanthanum and cerium have scattered, positive trends in the 
diorites, up to the hybrids, with the granitic rocks plotting below this trend. The niobium 
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also shows a good positive trend in the diorites, with a scattered, slightly negative trend in 
the hybrids and granitic rocks. The yttrium trend is similar to that of niobium. 
Zirconium shows a marked inflection at c. 66 wt % Si02. The diorites He on a well- 
constrained positive trend while the granitic rocks fall on a well-constrained negative trend. 
Hybrid values are scattered in the gap between the two trends. Zinc concentrations in 
diorites He on a steep positive trend, while granitic rocks and hybrids plot on a negative 
trend, with much lower values. 
4.4.1. Discussion 
As with the major elements, on the majority of trace element diagrams the separate rock 
types plot within distinct fields. The most distinct feature is the small compositional gap 
that exists between diorite and hybrid values on all Harker diagrams. 
Nickel has a similar ionic radius to Mg2+ and Fee' and as a result substitutes for them in early 
fractionation phases (Nockolds and Mitchell, 1948). Nickel often concentrates in mafic 
members mainly in the ferromagnesian minerals (McBirney, 1993). In the rocks of Elizabeth 
Castle, nickel would be camouflaged in hornblende and biotite. The trend displayed by 
nickel correlates with that of magnesium. A similar trend and abundance to nickel is 
displayed by chromium which substitutes for iron in iron oxides and ferromagnesians. 
Sphene may also contain appreciable amounts of chromium in which it replaces Ti4+ 
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(Nockolds and Mitchell, 1948). Both Ni and Cr substitute for major elements in early 
fractionates which explains the negative trend in diorites and an anomalous trend in hybrids 
and granitic rocks. The well-constrained increase with silica in thorium may be due to 
thorium being incompatible in early phases in plutonic rocks, tending to concentrate in 
accessory phases (Fourcade and Allegre, 1981). 
Strontium distribution is controlled by its diadochy with Ca- and K-bearing phases. This 
results in strontium substituting for calcium in plagioclase and potassium in alkali feldspar 
(Wilson, 1989). Strontium would be continuously removed from the liquid in a 
fractionation series and would be expected to decrease with increasing Si02 (Hanson, 1978; 
Martin et al., 1994). High strontium concentrations in coarse diorite at Elizabeth Castle 
could be attributed to the early fractionation of plagioclase from the magma (Perfit et al., 
1980; Tate et al., 1997). As with some major elements, strontium values appear to plot on 
two separate fractionation trends, one for diorites, the other for hybrid and granitic rocks. 
The slight increase in some of the hybrid samples may indicate the movement of strontium 
from diorite to hybrid. 
Vanadium behaves in a similar manner to iron and titanium (Miyashiro and Shido, 1975) and 
substitutes for Fe3+ in magnetite, primary magmatic amphiboles and to a lesser extent, 
ilmenite. Vanadium is found in appreciable amounts within sphene. Decreasing vanadium 
concentrations with increasing silica is considered characteristic of a calc-alkaline series 
(Garcia and Jacobson, 1979). The early fractional crystallization of the Fe: Ti oxides and 
ferromagnesian minerals could produce this inverse trend. 
Barium concentrations should increase with increasing silica. Although an incompatible 
element during early stages of crystallization, small amounts of barium may partition into 
feldspar, mica or amphibole. Barium accumulates to the greatest degree in alkali feldspar 
(Nockolds and Mitchell, 1948). The removal of barium during sudden volatile loss has been 
suggested by Tindle and Pearce (1981) to account for its decrease in the most evolved rocks 
from the Loch Doon pluton, Scotland. Volatile loss has also been implied for the formation 
of granophyric intergrowths and other textures in granitic rocks (Shelly, 1993). This causes 
the liquidus/solidus curves to be raised, which in turn promotes the simultaneous growth of 
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alkali feldspar and quartz, resulting on the formation of granophyric textures. The presence 
of miarolitic cavities is taken as evidence for the presence of a fluid phase in the granitic 
melt (Platevoet and Bonin, 1991). If barium loss through a volatile phase is responsible for 
the low values in granitic rocks from Elizabeth Castle, it is probable that other incompatible 
elements were removed by the same process.. 
Cerium substitutes for calcium in plagioclase, pyroxene and amphibole, as well as 
partitioning into apatite. It is also based in monozite, but none has been identified in the 
rocks. Higher concentrations in granitic rocks are to be expected as cerium increases 
through a fractionation series. As with cerium, lanthanum concentrations increase during 
fractionation. This is to be expected as both Ce and La are incompatible elements and 
should increase with SiO2. Lanthanum partitions into plagioclase and amphibole in diorite 
while accessory minerals hold much of the lanthanum in the granitic rocks. 
Rubidium is camouflaged by potassium as they both have similar ionic and atomic 
properties. Consequently concentrations increase in more differentiated rocks partitioning 
into K-feldspar and biotite in granitic rocks. Increased rubidium content in monzodiorite is 
possibly a result of increased modal alkali feldspar in relation to the rest of the diorite series. 
The widespread alteration of the feldspars to fine white mica by sericitization due to post- 
magmatic alteration may have resulted in the concentration of rubidium (Nockolds and 
Mitchell, 1948), as enrichment of rubidium is a likely consequence of sericite alteration. 
Yttrium normally concentrates in residual liquids and has chemical behaviour similar to that 
of the heavy rare earth elements (Perfit et al., 1980). As a result yttrium is partitioned into 
the rare earth minerals, sphene and apatite (Wilson, 1989). Trace amounts of yttrium may 
be encountered in hornblende (Nockolds and Mitchell, 1948). Yttrium concentrations in the 
rocks at Elizabeth Castle are disproportionately lower than is normal in igneous rocks. This 
is attributed to the fractionation of phases rich in HREE and is commonly encountered in 
calc-alkaline rocks. Niobium is partitioned into biotite, amphibole and accessory phases 
such as sphene and ilmenite. Deleris et al. (1996) suggest that poorly defined trends against 
silica for the high field strength elements yttrium, zirconium and niobium omits the role of 
crystal fractionation in the formation of a rock series. It is therefore possible that as the 
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diorites show positive trends for all of these elements, fractionation could be responsible for 
the formation of these rocks. The opposing trend observed in the hybrids and granitic rocks 
suggests that they are part of a separate fractionating series and not related to the diorites. 
Zinc occurs as a trace constituent in ferrous iron and ferromagnesian minerals. Higher 
concentrations in diorite, in comparison to granitic rocks, may be controlled by amphibole 
and iron oxides. Zinc is compatible during the early stages of fractionation. The steep 
positive trend in diorite samples suggests that zinc was incompatible while the negative 
trend in hybrid and granitic rocks suggests zinc was a compatible phase. These two 
different trends indicate that either the crystallization of a new phase began to remove zinc 
from the melt at c. 60% silica or the granitic rocks and diorites were two separate 
fractionating sequences. 
Due to a high charge and large ionic radius, zirconium does not enter the common rock 
forming minerals. This means that it is an incompatible element and is usually found in the 
accessory mineral zircon. In a sample that is believed to result from fractional crystallization 
zircon is concentrated in the residual melt, though in some calc-alkaline granites Zr 
decreases with fractionation. This may explain the inflection and slight decrease in granitic 
rocks at Elizabeth Castle. Another explanation is that the dioritic and granitic rocks formed 
from separate fractionation sequences as they both lie on two totally different well- 
constrained trends. 
In chapter 2, it was suggested that all of the rocks at Elizabeth Castle have suffered post- 
magmatic alteration. The alteration of the plagioclase to sericite in the diorite is attributed 
to the presence of hydrothermal fluids. These may have originated in the granitic magma. 
Minerals such as chlorite, actinolite and epidote suggest that the rocks have been subjected 
to a lower greenschist facies event. It is uncertain how much the greenschist facies 
metamorphism and hydrothermal fluids have affected the distribution of the major, trace and 
rare earth elements. Investigations into the hydrothermal alteration of basic rocks to 
greenschist facies metamorphism show that elements such as Co, Cr, Mn and Ni are 
mobilised to minor degrees, Cu and Zn may be leached from the rock altogether while 
elements such as Ba, Y and Zr are not greatly affected (Humphris and Thompson, 1978). 
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Basaltic rocks that have been subjected to metamorphism of prehnite-pumpellyite grade 
were examined by Dostal and Strong (1983) who found little or no redistribution of Zr, Y, 
Ti, Nb or REE. The hydrothermal alteration of gabbros from Skye at temperatures of c 
450°C to 550°C demonstrate that both major and trace elements are mobile (Mg, K, Na, Sr) 
while granitic rocks from the same area are depleted in Ca, Fe and Na (Ferry 1985a, 1985b). 
The results of all of these studies show that hydrothermal fluids can mobilise a select number 
of major and trace elements, but the majority are probably unaffected. Individual examples 
of major and trace element geochemistry will therefore have to be viewed with caution. 
4.5. Summary 
On Harker diagrams the rocks plot into two distinct groups, diorites and granitic rocks, with 
the hybrid rocks plotting between them. On the majority of diagrams the diorites he within 
distinct groups. Fine-diorite has the lowest silica while monzodiorite have the highest silica. 
Coarse diorites plot away from the majority of the diorites for a number of elements: Ti02, 
A1203, Fe203, MnO, MgO, Ba, Nb, Sr, V. Y. Perfit et al. (1980) suggest that high Sr, Ca, 
Al and low values for incompatible elements reflects accumulation of plagioclase. The 
coarse diorite at Elizabeth Castle has increased Sr, Ca and Al and low values for Y, Ba and 
Nb compared to the rest of the diorites. Abnormal values for coarse diorite may be a 
reflection of their higher modal concentration of plagioclase phenocrysts. 
Some trends, including those of CaO, Fe203T, K20, MgO, Ti02, Cr, Ni, Sr, Th and V 
indicate that the rocks may be related by fractional crystallization. Simple magma-mixing is 
another process which may have caused linear trends in CaO, Fe203T, K20, MgO, Ti02, Sr, 
Th, and V. Neither magma-mixing, nor the fractionation of a'single parent magma can 
account for some observed trends i. e. Na2O, P205, Rb, Y, Ce, La, Nb, Zn and Zr. Several 
of these distribution patterns are better explained through the intrusion into the complex of 
two separate magmas. Even apparently linear trends such as those in K20 and Sr show a 
slight inflection about 56 wt % silica indicating two differing trends. Many of the trace 
element patterns (e. g. La, Ce, Nb, Rb, Y, Zn, Zr) imply that fractionation was important in 
the formation of the dioritic series, but that the granitic rocks and the hybrids are unrelated 
to that fractionation series. This ties in with the field evidence (Chapter 2) which suggests 
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that the diorites were part of a single fractionating series that was unrelated to the granitic 
rocks and hybrids. 
The origin of the hybrid rocks cannot be determined from the major and trace element 
geochemistry alone as it is possible that the tonalitic hybrid and grey hybrid were derived 
from one of several processes. The hybrids may be related through fractionation to the 
diorites or granitic rocks. It is also possible that the tonalitic hybrid and grey hybrid are 
lithological units unrelated to the granitic rocks and diorites. An alternative and much more 
plausible explanation for the hybrids is that they formed as a result of physical and chemical 
interaction between diorites and granitic rocks. It is therefore important that other 
modelling techniques are used to examine the origin of the hybrid rocks from Elizabeth 
Castle. 
4.6. Rare earth elements 
The rare earth elements (REE) are incompatible elements and they can be used to determine 
the processes responsible for the formation of a rock series. All of the REE have similar 
chemical and physical properties but with increasing atomic number, ionic size decreases. 
The majority are trivalent except for Eu and Ce. REE contents are normalised relative to 
the chondrite data of Wakita et al. (1971). All samples are plotted together to show their 
chondrite-normalised relationships (Figure 4.6). A limited number of samples were selected 
for study of REE and several of the rock types are absent. The timing of the REE work 
meant that the grey hybrid was not analysed and therefore the hybrid rocks are only 
represented by two samples of tonalitic hybrid. The REE geochemical analyses can be 
found in Appendix C. 
In igneous systems Eu may be trivalent (Eu3) or divalent (Eu2+) while Ce may be tetravalent 
during weathering or hydrothermal alteration (Hanson, 1980). Europium often plots away 
from the general trend of the REE. This is referred to as the europium anomaly and any 
value above 1.0 indicates a positive anomaly while concentrations less than 1.0 are negative 
anomalies. To demonstrate any europium anomaly in the rocks the ratio of Eu/Eu* was 
used (see brief review in Rollinson, 1993). Values of Eu* were determined by interpolating 
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between the values of Sm and Gd while the concentrations of Eu were obtained direct from 
the ICP results. 
REE trends are generally smooth for most samples but a few show small inflections for 
selected elements. The tonalitic hybrid is enriched in REE relative to the granitic rocks. 
Granitic rocks are also enriched in La compared to the diorites. All of the granitic rocks 
have negative Eu anomalies, the largest being within the western granophyre. Diorite values 
are well constrained with the exception of coarse diorite which is depleted in all of the REE 
in comparison to the other samples from Elizabeth Castle. Two of the fine-diorites show 
minor depletion in Eu but the majority of diorite and tonalitic hybrid samples show no 
significant Eu anomaly. 
All samples are relatively HREE depleted with Ce/Yb normalised (N) values between 6 and 
13. CeN/YbN values for diorite he between 6.6 and 9.6 while granitic values range from 8.5 
for western granophyre to 9.2-13.5 for eastern granophyre. Tonalitic hybrid CeN/YbN 
values He between 9.3 and 11.2. To test for fractional crystallization, the diorites are plotted 
on a Ce vs Ce/Yb (N) diagram (Figure 4.7). 
10.00 
8.00 
6.00 
Figure 4.7. Diagram of Ce vs Ce/Yb (normalised) for the diorite from Elizabeth Castle. 
Note that the diorites plot close to a Iinear trend. 
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4.6.1. Discussion 
The negative Eu anomaly in the granitic rocks is attributed to the affinity of divalent Eu with 
plagioclase (Cox et al., 1979; Hanson, 1980; Haskin, 1984) and negligible anomalies in 
diorite and tonalitic hybrid are interpreted as being caused by the presence of plagioclase 
and hornblende. Negligible anomalies are produced if a rock has twice as much plagioclase 
as hornblende, the positive Eu anomaly produced by amphibole effectively balancing out the 
negative plagioclase anomaly (Hanson, 1978; Cullers and Graf, 1984). This interpretation is 
also adopted by Brown et al. (1980) for diorite from north-west Guernsey. 
An increase in total REE within the diorite series is consistent with their formation by 
fractional crystallization. This increase does not continue in the granitic rocks which would 
be expected if the granitic rocks and the diorites were related (Vlasov, 1966; Tindle et al., 
1988). If the samples from Elizabeth Castle were produced through the fractional 
crystallization of a single magma, the more evolved magmas should be enriched in REE 
(Walsh and Clarke, 1982) and selected diorite values as high as granitic concentrations. 
Low REE concentrations within coarse diorite suggest that they were the first of the diorite 
series to crystallize from the melt (Blake et al., 1990). Depleted coarse diorite values can 
also be accounted for by porphyritic plagioclase accumulation (Perfit et al., 1980). 
Monzodiorite values plot above the compositions of fine-diorite. This is also consistent 
with the formation of the diorites through fractional crystallization. Middle REE patterns in 
diorites are attributed to the crystallization of plagioclase and amphibole from the melt. The 
concave pattern in HREE may be caused by the crystallization of minor minerals (Cullers 
and Graf, 1984). 
The CeN/YbN values indicate that the granitic rocks, hybrids and diorites from Elizabeth 
Castle could not have formed by the fractionation of a single magma. A progressive 
increase in the ratio suggests that the granitic rocks were derived from the mafic rocks by 
fractional crystallization. As all rock types from Elizabeth Castle have CeN/YbN values that 
range between 9 and 9.6, it is highly improbable that they originated from a single magma. 
The diorite from Elizabeth Castle can be explained by open-system fractionation as the ratio 
Ce/Yb shows a greater variation with Ce (O'Hara, 1977). This indicates that the diorites 
could have fractionated from a single magma. 
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If the diorite and granitic rocks are related by partial melting, LREE would concentrate in 
the liquid (Vogel and Wilband, 1978). The granitic rocks should therefore have higher 
concentrations of LREE than the diorite, as granite would be the initial melt. Analyses 
show that LREE in granitic rocks are not higher than all of the diorite samples so relations 
through partial melting can be rejected. 
Interactions between the granitic rocks and the diorites should produce hybrid values that 
have intermediate values between these two main rock groups. This appears to be ruled out 
on the evidence of Figure 6 as tonalitic hybrid values are enriched in comparison to all 
granitic rocks and the majority of the diorite samples. It is unlikely that the REE would 
equilibrate between the mafic and felsic components (Holden et al., 1991). It is more likely 
that they would move from the acid component into the mafic component (Orsini et al., 
1991). This migration could explain the higher values in the tonalitic hybrid and the values 
of some of the dioritic samples. 
Experiments on tholeiitic basalt have concluded that altered and unaltered basaltic rock have 
identical REE profiles (Menzies et al., 1979). The immobility of the REE has been ascribed 
to the stabilisation of secondary minerals, especially chlorite (Ludden and Thompson, 1979). 
It is therefore unlikely that the REE have been greatly affected by any alteration of the rocks 
at Elizabeth Castle. 
4.7. Summary 
Europium anomalies are only observed within granitic rocks. The fractionation of 
plagioclase and hornblende in diorite is believed to be responsible for negligible Eu 
anomalies. Coarse diorite values are low for all REE compared to other rock types from 
Elizabeth Castle. This is attributed to coarse diorite containing a high modal proportion of 
porphyritic plagioclase and being the first to crystallize from the diorite melt. 
Rare earth element analyses show that it is unlikely that all of the rock types present were 
produced from the fractional crystallization of a single parent magma. Some diorite samples 
are as enriched as the granitic rocks, and the tonalitic hybrid values are amongst the highest 
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for LREE and HREE. Tonalitic hybrid and granitic rock concentrations are not consistent 
with the fractionation of all samples from a single source. It is therefore interpreted that the 
diorite and granitic rocks originate from separate parental magmas. 
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Chapter 5: Amphiboles 
5.1. Introduction 
In this chapter the composition and chemistry of amphiboles within the rocks at Elizabeth 
Castle will be described and discussed. Over 500 points from 10 samples were probed on a 
Jeol JSM-35 scanning electron microscope (SEM) at Keele University. From these 140 
analyses were accepted, the remainder being rejected due high or 'low oxide totals. 
Formulae were recalculated using the methods outlined by Robinson et al. (1982). The 
structure of amphiboles and their wide compositional range enables them to be used to 
assess fluctuations in chemical and physical processes, particularly between coexisting 
magmas. The timing of the microprobe work means that the grey hybrid was not analysed. 
5.2. Structure 
Amphiboles are double-chain silicates with a structural formula that can be expressed as Wo . 
, X2Y5Z8O22(OH, F, Cl)2 with W representing the A site, X the M4 site, Y the M1 site, M2 
and sites and Z the tetrahedral (T) site (Hawthorne, 1981; Deer et al., 1997). Cations are 
, allocated to these sites as 
follows: - 
A= Na, K 
M1 =Mg, Fe2+ 
M2 = Al", Cr, Fe3+, Ti, Fee+, Mn, Mg 
M3 = Mg, Fei+, Fe 2+ 
M4 =Ca, Na 
T= Si, Al" 
The structural formulae of all of the amphiboles were calculated on the basis of 23 oxygens 
as there was uncertainty on the amounts of H2O, F and Cl within the samples. Normalised 
results were considered for 16 cations, where all sites are filled; 15 cations exclusive of Na 
and K; 15 cations exclusive of K and 13 cations exclusive of K, Na and Ca (Robinson et al., 
1982). With all of these assumed cation results the total oxygen should be less than 23 and 
the charge total is required to be less than 46. If the total cations are set to 16 it is 
chemically impossible for the Elizabeth Castle amphiboles to fit into the formula as more 
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Table 5.1. Representative microprobe data for amphiboles calculated using 23 oxygens to 13 
cations exclusive'of Ca, Na and K. Fe3+ are calculated according to Robinson et al. (1982). 
Key: 1. actinolite ; 2. actinolitic hornblende; 3. magnesio-hornblende; 4. titanium hastingsite; 
5. titanium pargasite. MgN0 = 100Mg/(Mg+Fe) 
Sample No. 12345 
Si02 52.60 52.29 50.07 42.60 41.76 
Ti02 0.40 0.64 0.56 3.06 2.94 
A1203 3.64 4.22 5.84 11.51 11.54 
FeO 11.55 11.69 12.92 11.55 12.45 
MnO 0.29 0.18 0.26 0.42 0.34 
MgO 15.53 15.43 14.71 14.07 12.98 
CaO 9.69 9.92 10.36 11.09 11.38 
Na20 1.16 1.04 0.96 2.77 2.86 
K20 0.19 0.23 0.20 0.67 0.77 
Si 7.57 7.49 7.20 6.18 6.20 
AP" 0.42 0.50 0.79 1.81 1.79 
Al"' 0.19 0.20 0.19 0.16 0.22 
Fe3 0.42 0.35 0.76 0.62 0.19 
Fee 0.97 1.04 0.78 0.78 1.32 
Ti 0.04 0.06 0.06 0.33 0.33 
Mg 3.33 3.29 3.15 3.04 2.87 
Mn2 0.03 0.02 0.03 0.05 0.03 
Ca 1.49 1.52 1.59 1.72 1.81 
Na" 0.50 0.63 
K 0.03 0.04 0.37 0.12 0.14 
MgNo 77 75 80 80 68 
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cations are produced than the 23 oxygens or 46 charges. When the total cations are set 15 
exclusive of K the amphiboles do not fit into the formula. This method takes the Na from 
the A-site and moves it to the M4 site. Some of the amphiboles fit within the 15 cations 
exclusive of Na and K which keeps all of the Ca out of the A-site. The best model for the 
Elizabeth Castle amphiboles is with the cations set to 13, an assumption that takes the Na 
and distributed it between the M4 and the A-site. The basic formula used for calculating the 
composition of amphibole is: - 
- total T site to 8.00 using Si, Al, Cri+, Fe 
3+ and Ti4+ in that order 
- total the Y site to 5.00 using the excess Al, Cr, Ti, Fe3+ then Mg, Fe2+ and Mn, in 
that order 
- total the X site to 2.00 using the excess Fe 
2+' Mn, Mg, Ca then Na, in that order 
- the excess Na is then assigned to the A site, followed by all K 
Representative compositions of the amphiboles are given in Table 5.1. The remainder of the 
data is presented in graphical form and in Appendix D. 
A problem with the use of the SEM to determine mineralogical analyses is that it cannot 
distinguish between ferric and ferrous iron. Various methods have been devised to 
determine Fei/Fe2+ concentrations (Robinson et al., 1982; Jacobson, 1989; Droop, 1987). 
For analyses from Elizabeth Castle ferrous iron was calculated using stoichiometric formula 
based on methods outlined by Robinson et al. (1982). 
5.3. Amphibole compositions 
Amphiboles can be divided into four groups based on the dominant cations in the M4 (X) 
site; Ca: calcic amphiboles, Na: sodic amphiboles, Ca and Na: sodic-calcic amphiboles, Fe, 
Mg, Mn: iron magnesium manganese amphiboles (Deer et al., 1997). All of the amphiboles 
analysed from Elizabeth Castle fall into the calcic amphibole field (Figure 5.1). 
The Si vs Mg/Mg+Fe2' diagram (after Leake, 1978) was used to determine the composition 
and nomenclature of the amphiboles (Figure 5.2). A large proportion of the amphiboles 
from Elizabeth Castle plot within the hornblende field. The title "hornblende" covers a wide 
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Figure 5.1. Amphibole classification based on Na vs Na+Ca in the M4 site (after Deer et at., 
1997). Key to symbols in the centre of the page. 
D Actinolite 
Actinolitic hornblende 
Q Magnesio-homblende 
Hastingsite 
Pargasite 
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Figure 5.2. Classification of calcic amphiboles using the Si vs Mg/Mg+Fe diagram, after 
Leake (1978). 
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range of compositions, from pargasite to hastingsite, magnesio-hornblende and actinolitic 
hornblende. When the term hornblende is referred to in this thesis it will be used as a 
reference to all of the amphiboles covered by that composition found at Elizabeth Castle. 
On all discrimination diagrams the amphiboles plot in two distinct groups, one containing 
pargasite and hastingsite while the other comprises the magnesio-hornblende, actinolitic 
hornblende and actinolite. To discriminate between igneous and metamorphic amphiboles 
Leake (1965,1971) devised a series of variation diagrams. Al" vs Al" (Figure 5.3) was 
used to distinguish between igneous and metamorphic amphiboles. Most of the amphiboles 
from Elizabeth Castle lie within the igneous field (C), the exception being actinolite and 
actinolitic hornblende which fall in the metamorphic field (D). The Si vs Na+Ca+K diagram 
(Figure 5.4) also defined a limit for igneous amphiboles using the line A-A (Leake, 1971). 
All amphiboles from Elizabeth Castle fall beneath this line, within the igneous amphibole 
field. 
The chemical boundary between igneous and metamorphic amphiboles is also invoked on 
the Si vs Al" diagram (Figure 5.5). Leake (1971) set the boundary at line x-x (Si=7.5). 
This value was used as it was the largest value for silica from igneous amphiboles that had 
been published at the time. Actinolite from Elizabeth Castle plots within the metamorphic 
field, while actinolitic hornblende, magnesio-hornblende, pargasite and hastingsite all fall in 
the igneous amphibole zone. 
A negative linear relationship is observed on the Si vs AIT diagram for the Elizabeth Castle 
amphiboles (Figure 5.6). Pargasite and hastingsite have the lowest values of silica and the 
highest total aluminium. Silica increases with decreasing total aluminium through magnesio- 
hornblende and actinolitic hornblende to actinolite. 
The actinolite and actinolitic hornblende from Elizabeth Castle also plot within the 
metamorphic amphibole field on the Si vs Ti diagram (Figure 5.7). Magnesio-hornblende 
fall across the line dividing the igneous and metamorphic fields. Both hastingsite and 
pargasite have titanium values that fall well within the igneous field and are substantially 
greater than the other amphiboles. 
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Figure 5.3. Aliv vs Alvi diagram showing fields for metamorphic (D) and igneous (C) amphiboles. 
Line A-B indicates the suggested maximum possible A16 for igneous amphiboles after Leake (1965). 
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Figure 5.4. Plot of Si vs (Na+Ca+K) for igneous calcic amphiboles. Line A-A indicates the suggested 
limits for igneous amphiboles (after Leake, 1971). 
125 
0.50-ý 
0.40- 
0.30- 
0.20- ý 
000 
006 
0.10 
O8 O 
X04® 
Om 
. 40 0.00 
x 
6.00 6.50 7.00 7.50 8.00 8.50 
Si 
Figure 5.5. Si vs Alvi diagram for all amphiboles. The line X-X shows the limits for most igneous 
amphiboles, after Leake (1971). 
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Figure 5.6. Si vs Total Al diagram. 
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Figure 5.7. Si vs Ti diagram (after Leake 1965). Igneous amphiboles field below solid line; 
metamorphic amphiboles below dashed line. 
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Figure 5.8. Si vs Aliv diagram demonstrating substitution driven by temperature. 
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5.3.1. Discussion 
Magnesio-hornblende is common in low- to medium-grade metamorphic facies (Triboulet et 
al., 1992) but has also been interpreted as being magmatic in origin (Bishop and French, 
1982). Zoned crystals with euhedral, pargasitic cores and magnesio-hornblende rims 
suggest a magmatic origin for the Elizabeth Castle amphiboles (Pe-Piper, 1988; Vernon, 
1991). Other zoned amphiboles from Elizabeth Castle have magnesio-hornblende cores 
surrounded by actinolitic hornblende rims. The remainder of the calcic amphiboles are 
actinolitic in composition. This type of amphibole is commonly interpreted as being 
metamorphic in origin (Ernst, 1968; Gribble and Hall, 1992, Deer et al., 1992). The 
presence of actinolite suggests that the rocks have been subjected to a low-grade 
metamorphic event. The presence of sericitized plagioclase, epidote and chlorite within the 
samples further suggests that the rocks have been affected by low-grade greenschist facies 
metamorphism, which occur at pressures of between 2 and 4 Kbar and temperatures of 
around 350°C (Deer et al., 1997). However, these minerals have also been interpreted as 
being indicative of low-temperature hydrothermal alteration (Leake, 1971). 
Total aluminium in amphibole is believed to be strongly temperature dependent (Blundy and 
Holland, 1990). Therefore the high AlT and low silica content of pargasite and hastingsite 
from Elizabeth Castle suggests that they are magmatic (Chivas, 1981), while the high Si and 
low AlT of actinolite and actinolitic hornblende indicates that they most likely secondary 
minerals of metamorphic or hydrothermal origin (Nockolds and Mitchell, 1948). 
The amount of titanium within amphibole is regarded as being temperature dependent 
(Ernst, 1968; Bishop and French, 1982). It enters the crystal structure more readily at 
increased temperatures (Anderson, 1980). The lower titanium of the actinolite and 
actinolitic hornblende is characteristic of amphiboles of metamorphic origin (Leake, 1965). 
This is also the case for some of the magnesio-hornblende, but the fact that at least half of 
the magnesio-homblende analysed contain up to three times more titanium than the 
actinolite and actinolitic hornblende is an indication that the former may have formed under 
higher temperatures and could therefore be igneous. 
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The majority of rock samples contain alteration products such as sericitization, chlorite and 
epidote. This suggests that some, if not all of the actinolite formed from a greenschist facies 
event. The alteration of the dioritic rocks around Elizabeth Castle is more pronounced than 
the alteration that affects any of the other rock types (e. g. tonalitic hybrid, eastern 
granophyre, monzogranite etc. ). If a greenschist facies event was responsible for the 
formation of all of the actinolite in the diorite, similar levels of alteration should be expected 
in the other lithologies. As the other rock types are altered to a lesser degree it is suggested 
that other processes have taken place within the diorite. Residual or introduced fluid could 
be responsible for the formation of actinolite (Otten, 1984). The actinolite may also be a 
product of "late-magmatic" hydrothermal solutions (Pe-Piper, 1988). The presence of 
pyroxene in a number of samples indicates that some of the actinolite may originate from 
reaction between pyroxene and liquid (Nakajima and Ribbe, 1981). 
Actinolitic hornblende is also considered to be largely secondary in origin but its presence 
on the rims of zoned crystals indicates that some may also be primary minerals. Magnesio- 
hornblende is predominantly found in coarse diorite and tonalitic hybrid, while pargasite and 
hastingsite are only present in the tonalitic hybrid. Zoning from pargasitic core to magnesio- 
homblende rim is common in the tonalitic hybrid, while in coarse diorite actinolitic 
hornblende is occasionally observed mantling magnesio-hornblende. In all cases there is a 
decrease in the Mg/(Mg+Fe 2) ratio from core to rim. The cores have sharp, euhedral 
outlines with the rims. This is believed to indicate magmatic crystallization (Pe-Piper, 
1988). The majority of the amphiboles in the diorites are not zoned. The presence of 
primary amphibole indicates that the magmas contained a relatively high water content 
(Otten, 1984; Poli and Tommasini, 1999). It is estimated that more than 3% H2O is 
necessary to crystallize amphibole from a basaltic melt (Eggler, 1972; Allen and Boettcher, 
1978). These fluids may originally have been present within the dioritic magma but the 
occasional presence of pyroxene alongside amphibole in a limited number of samples may be 
an indication that the rocks initially contained <3% H20. 
Salmon (1991) described mafic minerals in diorites from Sorel point, Jersey, which zoned 
from irregular pyroxene cores to euhedrally zoned amphibole mantles with actinolitic 
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fringes. He interpreted the onset of amphibole crystallization to be due to influx of volatile- 
rich residual fluids from adjacent granites. 
5.4. Substitutions 
To maintain a charge balance, substitutions in amphiboles need to take place. These involve 
the coupling of cations with different valence states. Among the substitutions that 
commonly take place in amphiboles are: 
QA+Si . C=ý Na"+A14 
Mg+Si p Fei++Ala 
2Si+2Mg' 2A14+2Fe3+ 
2Si+Mg q 2Af+Ti 
QA+Mg+2Si a NaA+Fe3++2A1a 
QA+Mg+2S1 t: > Na"+A16+2A14 
Q indicates a vacancy in the A-site. 
Edenite 
Tschermakite 
Iron Tschermakite 
Titanium Tschermakite 
Hastingsite 
Pargasite 
Other simple cation exchanges can also occur. These include: 
Mg p Fe 2+ a Mn2+ in the M1 and M2 sites 
Ca a Fe 2+ in the M4 site 
Na aK in the A-site 
Substitutions of the type MgSi< AIA1 within the M1, M2 and T sites occur during the 
progressive change from tremolite to hornblende. Amphibole would go to tschermakite 
with the continuation of these substitutions (Deer et al., 1992). The substitution of Al for Si 
is favoured by the higher temperature amphiboles. Figure 5.8 (Si vs Al") shows that the 
secondary amphiboles, actinolite and actinolitic hornblende, contain more Si and less Al than 
the primary igneous amphiboles, hastingsite and pargasite, which have higher Al and lower 
Si (Harry, 1950). These trends are also shown on a diagram of Na+K vs Al", which shows 
that the alkalis enter the A-site to try to balance aluminium in the T site (Figure 5.9). Both 
Al" and Na+K are highest in the igneous hastingsite and pargasite while the actinolite and 
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Figure 5.10. A site ions+Alvi+Fe3+2Ti vs Aliv diagram (after Pe-Piper, 1988). 
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actinolitic hornblende have low Na+K and Al. "This appears to confirm that both Al" and 
Na+K reduce with decreasing temperature of formation (Kostyuk and Sobolev, 1969). 
Magnesio-hornblende plots between the two sets of amphiboles. The linear form of the 
magnesio-hornblende, hastingsite and pargasite indicates that pargasite substitution is 
dominant. This is a linear combination of the edenite and tschermakite substitutions 
(Kaminen, 1986; Vyhnal et al., 1991). Pargasite is considered to derive from the 
hornblende end member composition by the substitution of Al for Si which is balanced by 
the addition of Na in the A site (towards edenite) or towards tschermakite by Al for Mg, Fe 
(Deer et al., 1992). 
The substitution of AP" for Si in the T site is compensated in the M1, M2 and M3 sites by 
the substitution of Al", Fei' and Ti, along with the incomplete occupancy of the A sites by 
Na and K (Pe-Piper, 1988). Al" deficiency in the AT+A1"'+Fe3++2Ti vs Ale' plot indicates 
that excess charge in the M1, M2, M3 and A sites is not balanced by the AlP' substitution 
(Figure 5.10). The substitution of Na for Ca in the M4 site may balance this excess charge 
(Pe-Piper, 1988). 
5.5. Geobarometry and geothermometry 
Studies have shown that in calc-alkaline plutons there is a linear relationship between the 
pressure of crystallization and aluminium present in the amphiboles (Hammarstrom and 
Zen, 1986; Hollister et al., 1988; Schmidt, 1992). Aluminium has been used as a pressure 
indicator for the crystallization of both metamorphic and plutonic igneous rocks as it is a 
relatively immobile element in the crystalline environment. The aluminium content of 
magma has been found to increase on a linear scale with increasing pressures of 
crystallization. Pressure calculations were developed using linear regression equations. 
P (±3 kbar) = -3.92+5.03A1T, r2 = 0.80 
P (±1 kbar) = -4.76+5.64A11, r2=0.97 
P (±0.6 kbar) = -3.01+4.76A1T, r2=0.99 
Hammarstrom and Zen (1986) 
Hollister et al. (1987) 
Schmidt (1992) 
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Figure 5.11. Plot of Aluminium in hornblende vs pressure in the igneous amphiboles at Elizabeth Castle. 
The graph was developed using the linear regression equations of Hammrstron and Zen (1986), Hollister 
et al., (1987) and Schmidt (1992). Key to the symbols used is shown at the top of the page. 
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The equation of Hammarstrom and Zen (1986) is effective to within ±3 kbar and is useful in 
low to moderate pressure systems. Homblendes from Elizabeth Castle give pressures that 
range from 0.9 kbars to 2.5 kbars (Figure 5.11). The equation developed by Hollister et al. 
(1987) utilised a larger data set and therefore reduced the error to (±1 kbar). Using this 
equation the Elizabeth Castle hornblendes give a pressure range from 0.7 kbars to 1.9 kbars. 
Similar results were obtained when using the equation developed by Schmidt (1992). This 
equation reduced the error in the data set even further (±0.99), and could be used as a 
barometer under water saturated conditions. Using the equation of Schmidt the Elizabeth 
Castle hornblendes yield pressure estimates that range from 1.4 kbar to 3.9 kbar. These 
pressures can be converted to kilometres using the data in Yardley (1989) and produce 
depths of emplacement for the Elizabeth Castle complex of between 2.18 km to 5.94 km. 
Salmon (1992), used amphibole geobarometry to establish a pressure range of 1.06 kbar to 
2.47 kbar for the emplacement of the Sorel Point Complex on the north coast of Jersey. 
For the results of the geobarometers to be valid the authors set a number of criteria that 
have to be met. Hammarstrom and Zen (1986) required the rock to contain a mineral 
assemblage containing hornblende + biotite + plagioclase (andesine-oligoclase)+ quartz + K- 
feldspar + sphene + magnetite (or ilmenite) ± epidote. They also specify that the hornblende 
used for geobarometry is igneous in origin. Therefore the majority of the amphiboles 
(actinolite and actinolitic hornblende) from Elizabeth Castle do not fit the criteria. The 
alteration of igneous amphiboles would lead to low pressure estimates being obtained, while 
lack of equilibrium with quartz may result in pressure estimates being high (Hammarstrom 
and Zen, 1986). The alteration observed in the Elizabeth Castle diorite means the pressure 
estimates may be low. 
Hollister et al. (1987) also set a number of criteria for the use of their geobarometer. As 
with Hammarstrom and Zen they include the necessity for the correct mineralogical 
assemblage. For their barometer to be valid they require the use of rim compositions in the 
calculations, as they are the only parts of the amphiboles that would have crystallized with 
the last remaining melt of the rock. The use of rim compositions alone would limit the 
temperatures obtained to a smaller range. Taking into account all of the criteria set by 
Hanunarstrom and Zen (1986) and Hollister et al. (1987) all of the results obtained for 
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amphiboles from Elizabeth Castle have to be treated with caution, but are presented as good 
estimations. 
Hornblende compositions vary as a function of temperature and are controlled by the 
chemical limitations of the amphibole (Helz, 1973). Consequently titanium can be used as a 
thermometer for both igneous and subsolidus hornblende. Otten (1984) used the data of 
Helz (1973) to perform two calculations based on the amount of titanium per unit formula 
(23 oxygens) to provide the temperature of formation for amphibole. To use the formulae, 
ilmenite must be present, indicating that titanium is available in excess. In the amphiboles 
from Elizabeth Castle there is a steady increase in the titanium contents from actinolite 
(0.025-0.075), actinolitic hornblende (0.023-0.112) to magnesio-hornblende (0.061-0.185). 
There is then a marked increase to the titanium contents of the hastingsite and pargasite 
(0.31-0.45). This may indicate that there is a difference in the temperature of formation of 
these two amphibole groups. When these values are applied to Otten's formula the 
actinolite, actinolitic hornblende and magnesio-homblende have temperatures that range 
from 575°C to 927°C. This compares to the hastingsite and pargasite which produce 
temperatures ranging from 918° to 1077°C (Table 5.2. ). 
As the actinolite, actinolitic hornblende and magnesio-hornblende are interpreted to have 
formed at temperatures below 970°C, the formula Otten 2 is used, while for hastingsite and 
pargasite the formula Otten I appears to be the more viable. 
Table 5.2. Amphibole thermometry based on the Ti content of amphibole, after (Otten 1984). Abbreviations 
as in Table 5.1 
Otten 1 T>970°C, 
Otten 2 T<970°C, 
T(°C)= 273 x (Ti/23 O)+877 
T(°C)=1204 x (Ti/23 O)+545 
Actinolite Act Hblde 
Otten 1 888 905 
Otten 2 597 621 
Mag Hblde Hastingsite Pargasite 
908 974 977 
786 975 988 
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Hammarstrom and Zen (1986) plot Al" against Temp (°C) for experimentally produced 
amphiboles to predict the temperature of amphibole crystallization. Estimations of the 
temperatures were obtained by drawing a line through their data points by eye. The results 
for the amphiboles from Elizabeth Castle were as follows: 
Actinolite <500°C 
Actinolitic hornblende c. 600°C 
Magnesio-hornblende c. 700°C 
Hastingsite and pargasite c. 900-1000°C 
The figures obtained using both the Otten (1984) formula and the Hammarstrom and Zen 
diagram are comparable to within a few degrees centigrade. Results for the actinolite and 
actinolitic hornblende (c. 600°C) suggest that they are most likely metamorphic or 
hydrothermal in origin. The temperatures obtained for the amphiboles of hastingsite and 
pargasite composition (c. 977°C) prevents them from being metamorphic in origin. At such 
temperatures the rocks would have been subjected to granulite facies metamorphism and the 
preservation of the igneous textures that are observed in the rocks would not have been 
possible. The magnesio-homblende also has predicted temperatures that place them within 
the granulite facies. It is therefore suggested that the amphiboles of magnesio-hornblende, 
hastingsitic and pargasitic composition are of igneous paragenesis. As with the data 
obtained for the geobarometers, all geothermal results for the Elizabeth Castle amphiboles 
have to be treated with caution and are presented as only possible temperatures of 
formation. 
5.6. Summary 
Amphiboles from Elizabeth Castle all fall within the calcic amphibole field on discrimination 
diagrams. The graphs show that magnesio-hornblende, hastingsite and pargasite are igneous 
amphiboles while actinolitic hornblende and actinolite are metamorphic in origin. Zoned 
crystals also indicate a magmatic origin for some of the amphiboles. This is confirmed by 
variation in titanium content and the application of amphibole geothermometry. Amphibole 
geobarometry, using only the igneous amphiboles yield a pressure range of between 0.9 and 
3.9 kbar. These pressures convert to depths of emplacement between 2.18 km and 5.94 km. 
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Chapter 6: Magma Rheology 
6.1. Introduction 
Coexisting acid and basic magmas may be prevented from mixing as a result of their physical 
properties (van der Laan and Wyllie, 1991; Poli et al., 1996). It is therefore important to 
establish the fundamental physical attributes of the rock types at Elizabeth Castle before 
considering whether lithologies such as grey hybrid and tonalitic hybrid have formed by 
physical or chemical interactions. These properties are also important in controlling the 
style of contact relationship between adjoining magmas. 
6.2. Viscosity 
6.2.1. Liquid viscosity 
Viscosity differences between magmas can either help or hinder mixing. If the viscosity 
differences are low, mixing is favoured but if the relative viscosity contrast between the 
magmas is high only mingling is possible (Fernandez and Barbarin, 1991). Therefore the 
relative viscosity differences between magmas is important in determining how magmas will 
interact and whether they will mix with each other, or remain as separate entities (McBirney, 
1980). The viscosity of calc-alkaline magmas can vary by as much as five orders of 
magnitude (Huppert et al., 1984). Viscosity is dependent on several factors including 
composition, percentage of crystallization and temperature of the magmas (Turner and 
Foden, 1996). The liquid viscosity of rocks from Elizabeth Castle were calculated using the 
method of Shaw (1972), given in McBirney (1993). The method used for the calculations is 
presented in Appendix E. 
The rheological evolution of all of the samples from Elizabeth Castle follow similar paths 
(Figure 6.1. ). Throughout the temperature range the basic magmas have a lower viscosity 
than the silicic magmas. As the predicted temperature of the melt increases the viscosity 
decreases. This produces a noticeable gap between the two main compositional groups. 
The tonalitic hybrid plots within this gap but lies towards the silicic side, while the grey 
hybrid has viscosities which are very close to those of the granitic rocks. 
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Figure 6.1. Liquid viscosity calculations for the rocks from Elizabeth Castle. Calculations are based 
on the method of Shaw (1972). For key to symbols see Chapter 4, Figure 4.4. Temperature is in 
degrees centigrade. 
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6.2.2. Effective viscosity 
The measurement of liquid viscosity is based on a magma being crystal free. In reality 
magmas are likely to contain a proportion of crystals along with melt. This can be 
accounted for by calculating the effective viscosity of a magma using the following equation 
(Roscoe, 1952): 
log t`' =log 71°(1- (Xo))'2 5 
Where: log rte"= the effective viscosity of the melt and crystals 
log q°= the viscosity of the liquid 
X= the volume fraction of crystals 
O= constant 
Calculations were conducted using two values for the coefficient of 0. Crystals were 
initially assumed to take a spherical form and a uniform size, represented by 0=1.35. A 
more natural magma would contain a range of crystals of differing shapes and sizes. This is 
represented by setting the coefficient to 0=1.7 (McBirney, 1993). The results for these 
calculations can be seen in Figure 6.2. A similar pattern is observed for all of the magmas 
from Elizabeth Castle. The magmas progressively get more viscous but as the proportion of 
crystals increases the curve turns sharply upwards. At the point of inflection the magmas 
behave as solids as they loose their mobility. The calculations show that if 0=1.35 the 
magmas loses their mobility at -70% crystallization, but when o=1.7 the magmas behave as 
solids at -60% crystals. Similar results are given by Fernandez and Barbarin (1991) who 
predict the solidus threshold to be around 65% crystallization. This rheological boundary in 
magmas is also referred to as the critical melt fraction (Arzi, 1978; Sparks and Marshall, 
1986). 
6.3. Temperature 
One of the main criteria that needs to be considered in the study of coeval magmas is the 
temperature of the end members. If there is a large disparity in temperature between the 
two liquids, the higher temperature melt will solidify, or chill upon contact with the lower 
temperature melt, inhibiting mixing. Thermal equilibrium between melts is vital if they are 
to physically interact. The liquidus temperature of the diorite is estimated in the range of 
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1050-1150°C, while the granite is estimated at 850-900°C. These figures were considered 
on the basis of published work with similar lithologies in other field areas (Gamble, 1979; 
Blake and Hoatson, 1993; Neves and Vauchez, 1995; Turner and Foden, 1996). 
It is usual for dry mafic melts to have liquidus temperatures which are well above those 
found in granitic magmas. If water is added to the system it has the effect of lowering the 
liquidus temperature of the mafic melt (Frost and Mahood, 1987; Elburg and Nicholls, 
1995). The presence of hydrous phases such as amphibole within the tonalitic hybrid and 
diorite indicate that these rocks crystallized from a water-rich magma. It is estimated the 
more than 3% water is necessary to crystallize amphibole from a basaltic melt (Eggler, 
1972). Though this would affect the viscosity of the mafic melt, it would also reduce the 
viscosity of the felsic magma by almost an order of magnitude (McBirney, 1993; Neves and 
Vauchez, 1995). The presence of water within the mafic rock should reduce the viscosity 
difference between the magmas and promote processes such as magma-mixing. The 
viscosity of a felsic magma would also be reduced as a result of superheating due to its close 
proximity to a hotter basic magma (Vernon et al., 1988). 
Calculations for coeval mafic enclaves and granites from South Australia show that mixing 
is only possible at temperatures above 990°C (Turner and Foden, 1996). Above 930°C only 
magma-mingling is achievable. This is because when magma temperature decreases, the 
effective viscosity of the mafic enclaves increases. At temperatures of below 900°C no 
physical interaction between the coexisting magmas is possible as the mafic enclaves behave 
as solids. A similar model was developed by Fernandez and Barbarin (1994). Both 
examples demonstrate that magma-mixing is only possible while coexisting magmas behave 
as liquids. Once the mafic magma behaves as a solid, the felsic magma may still be mobile 
but physical interactions are unlikely. At this point only chemical interactions are possible. 
6.4. Density 
Density is regarded as being one of the most important properties affecting the physical and 
chemical behaviour of magmas (McBirney, 1993). The density of mafic and felsic magmas 
can differ by as much as 10% (Grasset and Albarede, 1994). In a totally liquid melt, with an 
original density of 2.7 g. cm 3, an increase of a single degree in temperature has the effect of 
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Fig. 6.3. Densities of the rock types from Elizabeth Castle with regard to temperature. Calculations are based 
on the method of Bottinga and Weill (1970). For key to symbols see Chapter 4, Fig. 4.4. Temperature is in 
degrees centigrade. 
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decreasing the density by approx. 0.003 % (McBirney, 1993). Densities for each of the 
lithologies from Elizabeth Castle were calculated using the method of Bottinga and Weill 
(1970). The method used for the calculations is presented in Appendix F. 
The data obtained from these calculations is presented in Figure 6.3. The results show that 
density decreases as the magmas become more silicic. The melts also increase in density 
with decreasing temperature. The density of the diorite is notably higher than that of the 
granite. Values for the tonalitic hybrid plot between the mafic and silicic lithologies, but he 
towards the silicic side. The grey hybrid has a density similar to that of the eastern 
granophyre. The respective densities of the two end member magmas are regarded as being 
important in establishing the ease at which they may mix. A silicic magma will have an 
initial density lower than that of a mafic magma. Therefore if the mafic magma enters a 
felsic magma chamber at a steady rate it should pond below the felsic magma (Wiebe, 
1993). As the mafic magma cools it fractionates and its density changes. Convective 
overturn will result if the residual liquid in the lower layers become lighter than the felsic 
layer above (Huppert et al., 1984; Koyaguchi and Blake, 1991). The main problem with 
this model is that it is not clear how the residual melt in a fractionating mafic magma can be 
lighter than an overlying silicic layer, while still retaining its mafic composition. At a high 
input rate, the mafic magma will rise into the host felsic magma, before falling back to the 
floor of the chamber (Koyaguchi and Blake, 1991). The problem with this model when 
adapted to the field relationships encountered at Elizabeth Castle is that even though it can 
explain the formation of the crenulate enclaves across the reefs, it cannot explain the 
formation of the layered diorite. 
The majority of the experimental and field work on coexisting magmas have focused on the 
intrusion of denser magma into a magma chamber that contains a lower density melt 
(Roobol, 1971; Bacon, 1986; Campbell and Turner, 1986; Moyes, 1986; Koyaguchi, 1989; 
Vernon, 1990; Holden et al., 1991; Barbarin and Didier, 1992; Blake and Hoatson, 1993; 
Wiebe, 1993; Metcalf et al., 1995; Wiebe and Adams, 1997; Wiebe et al., 1997). Another 
possibility is that a silicic magma intrudes a mafic magma chamber. Due to having a lower 
density the felsic magma would rise through the mafic chamber (Kouchi and Sunagawa, 
1982; Wiebe, 1987,1991). The felsic magma would be superheated as a result of its 
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proximity to the higher temperature mafic magma (Sha, 1995). This should aid the rise of 
the felsic magma through the mafic chamber. A silicic magma being emplaced into a mafic 
magma chamber is more likely to culminate in commingling than if the basic magma enters 
the silicic (Wiebe, 1987). Little experimental work has been conducted on the injection of 
felsic magma into a mafic magma chamber. Therefore the majority of the contributions 
regarding this process are field based (Elwell, 1958; Wiebe, 1973; Huppert et al., 1986; 
Key, 1987; Wiebe, 1987; Bindeman and Perchuk, 1993; Calanchi et al., 1993; Weinberg, 
1997). 
Determining which of these models is taking place is difficult, as the injection of a felsic 
magma into a basic chamber produces similar results to the injection of basic melt into felsic 
(Wiebe, 1991; Weinberg, 1997; Weinberg and Leitch, 1998). The interpretation can be 
aided by the study of the granitic material. If the felsic magma can be shown to be a 
cumulate, the likelihood is that the mafic magma was intrusive into a granitic magma 
chamber, but when the granitic rocks have compositions that approach liquids it is 
suggested that the granitic magma intruded a mafic magma chamber (Wiebe, 1991). In this 
case it can be assumed that the silicic magma would rise through, and interact with the 
hotter, denser mafic magma (Weinberg, 1997). 
Experimental work has shown that when a higher viscosity liquid, such as a granitic magma 
is injected into a lower viscosity liquid, such as dioritic magma, the intrusive liquid would 
form a wedge with a sharp point at the leading edge (Snyder et al. 1997). The interface 
between the two liquids would remain sharp. This is similar to the contact relationships 
between the granitic sheets and layered diorite at Elizabeth Castle. 
The granitic rocks at Elizabeth Castle are all fine to medium-grained and often contain 
granophyric textures. Contacts between the granites and diorites are commonly crenulate. 
These have been interpreted as magma-magma contacts. Therefore it is suggested that the 
granitic rocks have compositions that approach those of liquids rather than cumulates. This 
together with the field relationships (Chapter 2), which imply that granitic rocks are 
intrusive into the diorite, suggests that at Elizabeth Castle the felsic magma intruded a mafic 
magma chamber. 
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Chapter 7: Magmatic Interactions 
7.1. Introduction 
Hybrid rocks are ascribed to having formed through the mixing or mingling of coexisting 
magmas in a number of volcanic and plutonic environments (Brooks, 1977; Gamble, 1979; 
Bussell, 1985; Barbarin, 1988; Altherr et al., 1999; Poli and Tommasini, 1999). The 
process of magma-mixing involves the physical exchange of material between (i. e. the 
blending together of) coeval magmas to produce a single intermediate hybrid magma. This 
process is distinct from that of magma-mingling, in which two coexisting magmas, often of 
contrasting composition, survive as separate entities with stable interfaces between them. 
Following magma-mingling, chemical exchange may take place between the coexisting 
magmas, up to, and possibly beyond the point at which one of them becomes completely 
solid. The aim of this chapter is to investigate whether the grey hybrid and tonalitic hybrid 
could have formed by magma-mixing between the coexisting magmas present, or by other 
processes, such as diffusion. 
7.2. Magma-mixing 
7.2.1. Langmuir mixing diagrams 
On Harker diagrams, when one element is plotted against another, a rock produced by 
magma-mixing will sit on a straight line between the two end member compositions 
(McBirney, 1980; Fourcade and Allegre, 1981). Selected Harker diagrams demonstrating 
such linear relationships are shown in Figure 7.1. In reality, igneous processes such as 
fractional crystallization and partial melting can also result in linear trends (e. g. Cox et al., 
1979). This problem was addressed by Langmuir et al. (1978) who developed equations 
for two component systems (e. g. Rb/K vs Rb) and concluded that if mixing formed samples 
they would fall along a hyperbolic curve drawn between the two end members. 
The mixing diagram has to be constructed using the relative concentration of two end 
member compositions, which are representative and well separated. However, it is stressed 
that even if the data plot close to the mixing curve it may be coincidental and apply only to 
the two data points chosen for the calculation. As a result, hyperbolic curves were not 
calculated for the samples from Elizabeth Castle, but the relevant mixing diagram is shown 
(Figure 7.2. ). The graphs are constructed using the mean compositions for each of the rock 
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Figure 7.1. Selected Harker diagrams for major and trace elements showing straight line mixing trends. 
Average compositions for each of the rock types are used. For the full set of Harker diagrams see 
chapter 4. See below for key to symbols used. 
Symbols used for rocks from 
Elizabeth Castle. 
D Fine-Diorite 
A Monzodiorite 
Q Porphyritic Diorite 
Q Coarse Diorite 
Tonalitic Hybrid 
7+t Grey Hybrid 
Q Eastern Granophyre 
Western Granophyre 
Q Monzogranite 
X Fort Regent Granophyre 
"ý r Red Granite 
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types from Elizabeth Castle. Mean compositions are used, as there are a large number of 
possible end member compositions. If all of the samples were plotted onto mixing 
diagrams there would numerous and potentially confusing. 
The Rb/K vs Rb diagram is used (Figure 7.2. ) as is should show a perfect mixing relation 
only for mixing of magmas (Langmuir et al., 1978). Physical magma-mixing can be ruled 
out as an origin for the tonalitic hybrid as it plots well away from all possible end members 
and could not lie on a hyperbolic curve. The positioning of grey hybrid between several 
possible end member compositions means that the rock may have formed by magma- 
mixing between any of the diorite series and either eastern granophyre or monzogranite. 
The western granophyre lies well away from the other compositions while the red granite 
and Fort Regent granophyre are discounted from being possible end members as a result of 
their field relationships (See Chapter 2). 
A more reliable test for mixing are companion diagrams (Figure 7.3. ). In these, one of the 
original ratios used in the mixing curve (Figure 7.2. ) is plotted against the ratio of the 
denominators of the two original ratios (e. g. Rb/K vs 1/K). If the hybrid rocks plot on a 
straight line between the end member compositions on a companion diagram, magma- 
mixing is their probable origin (Langmuir et al., 1978). The companion diagram Rb/K vs 
1/K is utilised here as this is considered by Langmuir et al. (1978) to be the only true 
demonstration of mixing. 
On the companion diagram (Figure 7.3. ) tonalitic hybrid again lies away from the other 
lithologies suggesting an origin other than physical mixing, while the grey hybrid again lies 
on or close to a mixing line between several potential end members. This linear position of 
the grey hybrid presents a strong case for its origin by magma-mixing. According to the 
I 
companion diagram the only possible end members for the grey hybrid are the 
monzogranite or eastern granophyre and members of the diorite suite. 
7.2.2. Normalized mixing diagrams 
The tonalitic hybrid lies on a linear trend on many of the Harker diagrams but the 
Langmuir mixing diagrams suggest that these rocks were not formed by magma-mixing. 
The grey hybrid also lies on a linear trend on many Harker diagrams and plots on, or close 
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Figure 7.2. Rb/K vs Rb ratio plot to investigate magma mixing. The symbols used 
are average compositions for the main rock types. For symbols see figure 7.1. 
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Figure 7.3. Rb/K vs 1/K companion plot to investigate magma mixing. The symbols 
used are average compositions for the main rock types. For symbols see Figure 7.1. 
147 
20.00 25.00 30.00 35.00 40.00 45.00 
Rb/K 
20.00 25.00 30.00 35.00 40.00 45.00 
Rb/K 
to, a linear trend on the Langmuir companion diagram. Both of these tests indicate that the 
grey hybrid probably formed by magma-mixing. 
In order to confirm these results, normalized mixing diagrams, of Tindle et al. (1988) were 
constructed (an example of a normalized mixing diagram is shown in Figure 7.4). These 
involve plotting the proposed mixed rocks in comparison to the compositional difference of 
possible end members. Firstly the predicted end member compositions are normalized 
against each other (e. g. monzogranite/fine-diorite). Then the potential hybrid is normalized 
against the second end member composition (e. g. tonalitic hybrid/fine-diorite). The 
normalized hybrid results should plot between the normalized end-member compositions 
and a central vertical line of unity, 1.00. Any rock formed by magma-mixing will plot 
within this area, which is defined as the mixing field (shown by vertical line ornament in 
Figure 7.4. ). All possible end member compositions from Elizabeth Castle have been 
plotted against each other. As with the Langmuir diagrams mean compositions are used as 
there are too many possible end member combinations to calculate them all. A summary of 
the data is presented in Tables 7.1. and 7.2. 
When both sets of normalized mixing calculations for each pair of end member 
compositions are examined (e. g. eastern granophyre/fine-diorite and fine-diorite/eastern 
granophyre), several of the elements for both potential hybrid compositions fall outside of 
the mixing field. The most convincing coalition of end members for the tonalitic hybrid 
involves the monzogranite and the coarse diorite or monzodiorite (Table 7.1. ). For both of 
these combinations, just two or three elements plot outside the mixing field. However, it is 
improbable that the tonalitic hybrid formed by the physical mixing of just these end 
members, as the field relationships show that it is discontinuously present between the 
majority of the combinations of diorite and granite present. These results conform with 
those from the Langmuir diagrams and suggest that the tonalitic hybrid did not form by the 
physical mixing of diorite and granite. 
The grey hybrid was also used in normalized mixing calculations against possible end 
member compositions (Table 7.2. ). The most convincing end member compositions 
involve the western granophyre and either the fine-diorite or porphyritic diorite; or the 
eastern granophyre and fine-diorite. For each of these combinations, one or two elements 
lie outside the mixing field. However, field relationships preclude the western granophyre 
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Figure 7.4. Example of a normalized mixing diagram used to investigate mixing (after Tindle 
et al., 1988). Monogranite and fine diorite are normalized against each other (diamonds). 
Potential hybrid compositions are then normalized against the second end member (fine diorite). 
The potential hybrids used are tonalitic hybrid (circles) and grey hybrid (squares). Any hybrid 
formed by magma mixing will plot within the mixing field, defined by the vertical line and the 
monzogranite/fine-diorite results. 
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Table 7.1. Results from normalized mixing calculations using tonalitic hybrid from Elizabeth Castle. 
The table shows the elements that fall outside the mixing field for the given end-member calculations. 
Abbreviations: WG=western granophyre; EG=eastern granophyre; MG=monzogranite; CD=coarse 
diorite; FD=fine-diorite; MD=monzodiorite; PD=porphyritic diorite. 
TONALITIC HYBRID 
End Members Elements that fall outside the mixing field 
CD-EG Al, Ca, Cr, Pb 
FD-EG Al Ca, Cr 
MD-EG Ca, P, Cr 
PD-EG Al, Ca, Cr 
CD-MG Si, Ca, Cu 
FD-MG Si, Ti, Al, Fe, Mg, Na, K, P, Ba, Cr, Cu, Nb, Ni, Pb, Rb, Sr, Th, V, Zn, Zr 
MD-MG Ca, Cu, 
PD-MG Si, Ca, Cu 
CD-WG Ca, Na, Cr 
FD-WG Cr 
MD-WG Ca 
PD-WG Ca, Cr 
EG-CD Al, Ca, P, Cr 
EG-FD Al, Ca, P, Cr 
EG-MD Al, Ca, P, Cr 
EG-PD Al, Ca, Na, P, Cr 
MG-CD Ca, Cu 
MG-FD Ca, Cu 
MG-MD Ca, Cu 
MG-PD Ca, Na, Cu 
WG-CD Al, Ca, Na, Cr, Cu, Nb 
WG-FD Al, Ca, Na, Cr, Cu, Pb 
WG-MD Ca, Na, Cr, Pb 
WG-PD Al, Cr, Cu, Pb 
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Table 7.2. Results from normalized mixing diagrams using the grey hybrid from Elizabeth Castle. The 
table shows the elements that fall outside the mixing field. Abbreviations: WG=western granophyre; 
EG=eastern granophyre; MG=monzogranite; CD=coarse diorite; FD--fine-diorite; M =monzodiorite; 
PD=porphyritic diorite. 
GREY HYBRID 
End Members Elements that fall outside the mixing field 
CD-EG Al, Cr, Th 
FD-EG Na, Cr 
MD-EG P, Cu, Th 
PD-EG Na, Cr 
CD-MG Fe, Th 
FD-MG Fe, Ca 
MD-MG P, Cr 
PD-MG Na, Cr 
CD-WG Ca, Cr 
FD-WG Cr 
MD-WG Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, Ba, Cr, Cu, Nb, Ni, Pb, Rb, Sr, V, Y, Zr 
PD-WG Cr 
EG-CD Na, Cr, Th 
EG-FD Na, Cr 
EG-MD Cr, Cu, Th 
EG-PD Na, P, Cr, Cu 
MG-CD Fe, Ca, Na, P 
MG-FD Fe, Ca, Na 
MG-MD Fe, Ca, P, Th 
MG-PD Fe, Na, Nb, Th 
WG-CD Ca, Cr, Th 
WG-FD Cr 
WG-MD Th 
WG-PD Cr 
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from taking part in these interactions. The lack of a perfect mixing trend can be accounted 
for as the rocks have probably undergone some chemical modification after physical 
mixing (Tindle et al., 1988; D'Lemos, 1996). It has previously been suggested that if 
hybrid rocks do not lie exactly on a linear trend, mixing could have been followed by 
processes such as diffusion (Debon, 1991). 
Tindle et al. (1988) also suggest using a proportional mixing diagram to model 
hybridization, but advise that for plutonic rocks any analysis can only be used as an 
approximation due to the evolution of the hybrid melt by fractionation. As the rock types 
of Elizabeth Castle are plutonic the proportional mixing diagram was not used in the 
investigation. 
7.2.3. Discussion 
Magma-mixing requires a certain amount of turbulence to promote interaction between 
coexisting magmas. Processes that will create turbulence include convective overturn and 
vigorous intrusion of one melt into another. Field relationships at Elizabeth Castle suggest 
that felsic magma initially entered a basic magma chamber at a slow steady rate, resulting 
in granitic sheets. The fact that the sheets survive indicate that convective overturn did not 
take place. Later inputs of granite were probably more vigorous, producing the variety of 
diorite enclaves that cover much of the intertidal reefs. It was probably one of these later, 
vigorous intrusions that induced the physical mixing between granite and diorite, forming 
the grey hybrid. Experimental work shows that the input of a highly viscous fluid (e. g. a 
felsic magma) into a less viscous fluid (e. g. a mafic magma) would result in the intrusive 
fluid rising as an unstable or laminar plume (Huppert et al., 1986; Snyder et al., 1997). 
The shape of the plume is dependant on the input rate of the felsic magma into the magma 
chamber. 
The granite and diorite magmas from Elizabeth Castle had different physical properties 
(see Chapter 6). Upon contact with the hotter mafic magma, the felsic melt adjacent to the 
interface would increase in temperature, resulting in a decrease in viscosity and increase in 
velocity and turbulence (Vernon et al., 1988). The presence of the granite would decrease 
the temperature of the dioritic magma at the contact producing a chilled margin and in turn 
increasing its viscosity. The net effect would be an equilibration of temperature and 
viscosity at the interface. This condition is theoretically conducive to magma mixing 
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(Sparks and Marshall, 1986). However, the presence of the chilled margin would act as a 
deterrent to mixing, although this could be overcome by continued, or more vigorous 
granite intrusion (D'Lemos, 1986). Mafic clots in a hybrid rock indicate that there was 
vigorous stirring between the parent magmas (Barbarin and Didier, 1992). The presence of 
diorite enclaves, xenocrysts and mafic clots in the grey hybrid at Elizabeth Castle are 
believed to be the result of just such a mechanism. Linear trends on a number of Harker 
and Langmuir mixing diagrams, together with field relationships and petrography support 
the interpretation that the grey hybrid formed by the mixing of diorite and granitic magma. 
The lack of a perfect trend on the normalized diagrams can be accounted for by the hybrid 
magma having undergone modification after mixing by processes such as diffusion. 
The tonalitic hybrid lies on a linear trend on many Harker diagrams but falls well away 
from the other rock types on the Langmuir mixing plots. One or two combinations of end 
member compositions give reasonable results on normalized diagrams but the field 
relationships suggest that tonalitic hybrid could be formed between any of the possible 
combinations of granite and diorite. Chilled margins present in the diorite prevented 
mixing of the granite and diorite. It is therefore proposed that the tonalitic hybrid formed 
by processes other than simple mixing. 
7.3. Melt modification 
7.3.1. Chemical exchange 
The sharp interfaces between the diorite and granitic rocks at Elizabeth Castle rule out 
magma-mixing in the formation of the tonalitic hybrid. When coexisting magmas fail to 
mix, stable interfaces form. The various chemical components in the two melts will 
attempt to establish an equilibrium. To assess the possible movement of elements between 
the granite and diorite, chemical distribution diagrams and element enrichment factors are 
plotted. 
Chemical distribution diagrams are used to show the variation in the concentration of 
elements across four traverses in large diorite enclaves at the western Hermitage (Section 
2.4.3. ). These traverses are measured from the contact with the granite into the diorite 
(Figure 7.5. ). Each diorite was sectioned parallel to the contact with the granite, producing 
a series of rock slabs. The slabs were then analysed for major and trace elements by XRF 
at Keele University. A list of the sample numbers used in the chemical distribution plots 
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-Q- Traverse I (Sample no. 369-1 to 369-4) 
- e- Traverse 2 (Sample no. 165-1 to 165-3) 
-Q- Traverse 3 (Sample no. 170B to 172) 
-ý- Traverse 4 (Sample no. 126-129) 
60.00 
13 
C/I 50.00 
°ý o 
2.00 
1.60 
1.20 
18.00 
ou ö 
16.00 Gp ,p p_p_- -pp 
14.00 
12.00 
Oa 13 
wD0 --ý D 
0.00 40.00 80.00 
Distance (cm) 
120.00 
Figure 7.5. Distance diagrams presenting the results of four traverses across diorite. Point zero (0) is at the 
margin of the diorite. This is against the tonalitic hybrid and granitic rock. The diagram shows the variation 
in element concentration moving away from the interface. The key at the top of the page defines the symbols 
used for each traverse. 
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60.00 
can be found in Figure 7.5. The full set of geochemical data is presented in Appendix B 
and Appendix C. 
Most elements and oxides show some variation along these traverses. Certain elements 
(A1203i Na2O. K20, P205, Nb, Pb, Th, and La), show a definite increase in concentration 
approaching contacts in the majority of traverses. Others (Ti02, Fe203, CaO, MgO, Ni, Sr 
and Nd), appear to be depleted towards the interface. The remaining elements and oxides 
show little variation. Some of the changes observed may be a result of the heterogeneity of 
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the scale used, as each traverse was a different length and the distance between sampling 
points varies (Eberz and Nicholls, 1990). Taking this into account it is considered that 
these analyses are still representative and provide an understanding into the elemental 
exchanges that have taken place in the rocks. 
One of the sets of diorite samples was analysed along with its adjacent tonalitic hybrid and 
eastern granophyre. Selected major and trace elements from this traverse are presented in 
Figure 7.6. In most cases the values for tonalitic hybrid lie between those of diorite and 
granitic rocks but not on perfect mixing lines. The tonalitic hybrid is depleted in 
comparison to the eastern granophyre in Si02, K20, Rb and V, while the hybrid shows an 
increase in Ti02, A1203, Fe2O3T, MgO, CaO, Na2O, P205, Ba, Sr, Y and La when compared 
to the eastern granophyre. 
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A second method, the element enrichment diagram, was used to illustrate the distribution 
of elements across diorites (Figure 7.7. ). Element enrichment factors were determined for 
each of the traverses used in the chemical distribution diagrams. They were calculated by 
dividing the elemental abundance at the margin of the diorite by the elemental abundance 
in the centre (Eberz and Nicholls, 1990). If the concentration of an element exhibits no 
variation between the margin and central section of the diorite a factor of 1.0 is produced. 
A component that shows an increase in the diorite at contact with the granite compared to 
the central section results in a factor greater then 1.0, while a factor less than 1.0 indicates 
that compositions are greater in the centre of the diorite in comparison to the margin. 
Most oxides and elements show little or no variation for element enrichment calculations. 
This indicates that there is no significant deviation in the concentration of elements 
between the diorite centre and margin. Enrichment factors are generally low, 1.1 to 1.3, 
but most elements are enriched at the rim when compared to the central section. Some 
have factors which are high, Fe, Cu, Th, Zn and the REE. Of these Th and Zn are also 
depleted in two of the traverses, which means that the results of the test are inconclusive 
for these elements. 
Both element enrichment factors and chemical distribution diagrams show that the 
movement of elements across diorite appears to occur on a small scale. This migration of 
elements may be due to the introduction of material from the granitic magma, or the 
transfer of material from the diorite into the granitic melt. If the tonalitic hybrid did 
develop by interaction between diorite and granitic magma it more likely, from the field 
relationships and petrographic evidence, that the hybrid formed on the granitic side of the 
interface. The traverse across all three rock types demonstrates that the tonalitic hybrid 
shows an increase in several elements and a decrease in others in comparison to adjacent 
eastern granophyre. The results of the traverses across the diorites show that any 
movement of element into and out of the diorite occurred on a small scale. To investigate 
the migration of elements across an interface two processes need to be considered. 
Diffusion 
When two individual melts with large compositional differences come into contact with 
each other, the various components will try to reach an equilibrium. This is likely to occur 
by diffusion (Zorpi et al., 1989). Diffusion is the transition of components from one point 
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Cr Ni Zn 
Mg Ni 
to another within a liquid or a solid. Elements are distributed by diffusion in response to 
chemical potential gradients, such as between a mafic enclave and a granitic melt. 
Elements have to move simultaneously to maintain a charge balance in the melt, though 
not all elements will be able to take part in the transfer (Tindle, 1991). Each element will 
diffuse through a magma at a different rate (Watson and Jurewicz, 1984). It is possible for 
diffusion to occur between two coexisting magmas, or between a magma and a solid rock. 
Diffusion in solids is a very slow process and has often been considered impractical for the 
transport of significant amounts of material (Henderson, 1982; Sakuyama, 1984; Elburg, 
1996). Diffusion rates are higher under magmatic conditions (Blichert-Toft et al., 1992; 
Watson, 1994). It is therefore important that coexisting magmas behave as liquids for as 
long as possible so that interactions can take place. Diffusion can also be driven by 
temperature gradients between melts (Tindle, 1991). An example of this is the 
temperature difference between granitic and dioritic magma (see Chapter 6). The increase 
in temperature of the felsic component, when in the close vicinity of the hotter mafic 
magma will aid the redistribution of components. This is because diffusion rates increase 
with temperature (Elder, 1976). 
Experiments have revealed that the movement of elements can occur on both sides of 
contacts and that the alkalis are several times more mobile than the non-alkalis (Watson, 
1982; Johnson and Wyllie, 1988; Baker, 1990,1991). Potassium has a tendency to move 
from granite into basalt by diffusion alone with no involvement of convective mixing while 
sodium has a higher diffusivity than potassium but migrates in the opposite direction 
(Johnson and Wyllie, 1988). Even though the diffusion of the alkalis is relatively fast, 
movement of other elements is much slower and associated diffusion of these would be 
required for efficient hybridization. 
The transport of the non-alkalis is believed to be controlled by the diffusion rates of the 
principal network forming elements, SiO2 and A1203 (Watson, 1982; Johnson and Wyllie, 
1988; Baker, 1990; Blichert-Toft et al., 1992). This is because the ability of the melt to 
accommodate the non-alkalis is a direct function of silica and alumina (Baker, 1990). 
Therefore the transport rates for the divalent cations such as Ca, Mg and Fe are much 
slower than the alkalis. The experiments of Watson and Jurewicz (1984) demonstrate that 
alkali diffusivity is independent of the control of Si02 and A1203. Elements with higher 
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diffusion rates than SiO2 will respond to equalise the chemical potential across an Si02 
gradient. 
With the formation of chilled margins in the diorite, mixing is less likely as a large 
proportion of crystal phases in a magma (>50%) prevents physical interaction (Sparks and 
Marshall, 1986). Accordingly, any interaction between disequilibrium coexisting magmas 
requires a process such as diffusion (Gamble, 1979; Sha, 1995). Several studies on 
coexisting magmas have investigated the possibility that the diffusion of components on 
both sides of an interface may be a mechanism of elemental exchange, especially in the 
absence of physical mixing (Watson and Jurewicz, 1984; Johnson and Wyllie, 1988; Zorpi 
et al., 1989; Eberz and Nicholls, 1990). The main problem with chemical diffusion is that 
modifications are only possible over short distances (Yoder, 1973; Watson, 1982; 
Oldenburg et al., 1989; van der Laan & Wyllie, 1993). These distances are believed to be 
less than a metre, and even though the process is relatively slow it requires time scales 
similar to those of magma solidification to reach completion (Lesher, 1990). 
The tonalitic hybrid at Elizabeth Castle is occasionally found to be cross-cut by, and occur 
as xenoliths within, granitic rocks in the sheets at the Hermitage and elsewhere. These 
field relationships show that the tonalitic hybrid formed in time scales much less than those 
of a solidifying magma, as are required to equilibrate coexisting magmas. As a result, the 
tonalitic hybrid must have been able to form in the short period between granitic intrusions. 
Accordingly, the process of chemical, diffusion alone is considered too slow. Another 
method is therefore required to accelerate the transport rate of chemical components. 
Infiltration 
A more effective mechanism for chemical exchange involves the infiltration of fluid 
through an interconnected pore space system (D'Lemos, 1992,1996; Petford et al, 1996). 
Hydrous phases are considered to move at speeds comparable to the alkalis (Blundy and 
Sparks, 1992). The movement of a hydrous phase, whether gaseous or liquid, between 
magmas promotes the transfer of chemicals (Zorpi et al., 1989; Johannes and Holtz, 1996). 
Volatile-rich phases can range in composition from water to sulphur species, carbon 
dioxide, halogens and noble gases (Bailey and Hampton, 1990; Watson, 1994). The 
presence of a hydrous phase significantly increases the selective diffusion of elements 
across contacts by decreasing the activation energy for diffusion (Hofmann and Magaritz, 
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1977; Henderson, 1982; Johnson and Wyllie, 1988; Baker, 1991; Lesher, 1994; Watson, 
1994; Johannes and Holtz, 1996). The transfer of hydrous phases would provoke increased 
diffusion between the magmas by lowering the viscosity of the basic component (Debon, 
1991; Orsini et al., 1991). 
A partially crystalline body of basic magma is open to intercrystalline melt migration as 
long as a connected porosity exists (Holden et al., 1991). It is possible that hydrous phases 
could be transported from the silicic magma through the crystal framework of chilled 
margins by diffusion into the diorite (Sha, 1995). It is accordingly essential that the diorite 
is incompletely crystallized if exchange is to take place. Infiltration of melt from the 
granitic magma may be responsible for the presence of alkali feldspar and quartz crystals 
within monzodiorite, and occasional granophyric intergrowths in the diorite at Elizabeth 
Castle, the felsic melt becoming trapped when the diorite crystallized. The formation of 
rocks with similar mineralogy to those encountered in diorite from Elizabeth Castle have 
been attributed to diffusion and the intrusion of hydrous phases through an interconnected 
pore space system (Petford et al, 1996). 
Miarolitic cavities indicate that volatiles were present in the granitic magma at Elizabeth 
Castle. It is suggested that volatile-rich phases from the granitic magma migrated towards 
the dioritic magma. Abundant hydrous crystal phases such as magmatic hornblende in the 
diorite, and hornblende and biotite in the tonalitic hybrid, can be accounted for by the 
movement of volatiles from the felsic towards and into the mafic component (Orsini et al., 
1991; Zorpi, 1991; Sha, 1995). 
Volatile migration could account for the movement of elements such as K, Mn, P, Ba, Rb, 
Sr, Th, Zr, Y and Nb from the granitic magma into the diorite at Elizabeth Castle. 
Elements such as Y and Zr are usually regarded as being immobile in magmatic processes 
(Gamble, 1979). The movement of the REE into the mafic component can also be 
accounted for by volatile migration (Zorpi, 1991; Tate et al., 1997). Similar results have 
been interpreted as the migration of elements from the felsic to the mafic component in an 
attempt to reach chemical equilibrium during experimental magma-mingling (Watson and 
Jurewicz, 1984) and in igneous systems (Wiebe, 1973; Gamble, 1979; Platevoet and Bonin, 
1991, Deleris et al., 1996; Tate et al., 1997). 
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7.3.2. Discussion 
The results of the geochemical analysis, presented in chapter 5, show that the hybrid 
samples lie on a straight line between the diorite and granite on many of the major and 
trace element Harker plots. This evidence alone strongly supports an origin for the 
tonalitic hybrid and grey hybrid by interaction between diorite and granite, though the use 
of Harker plots cannot identify whether processes such as diffusion or infiltration were 
responsible. Mixing tests are therefore required to examine these processes. 
Tonalitic hybrid is present at many diorite and granite interfaces. It is suggested that the 
tonalitic hybrid formed on the granitic, rather than the dioritic, side of contacts. This is 
because the tonalitic hybrid is predominantly composed of quartz and plagioclase, together 
with amphibole and biotite. The presence of a chilled margin in the diorite also infers that 
the hybrid formed on the granitic side of contacts. After the formation of the chilled 
margin, the granitic rocks remained magmatic for some time, as shown by the planar form 
of many of the contacts between diorite and small-scale granite sheets. Close to the contact 
the granitic liquid would increase in temperature, leading to a decrease in viscosity, which 
has the effect of enhancing diffusion rates. At the same time, movement of residual 
hydrous phases towards and into the diorite magma would result in a concentration of 
volatiles, particularly H2O, close to the interface, further enhancing diffusion rates These 
magmatic conditions would result in a marginal zone in the granitic magma, within which 
elements are better able to respond to the chemical gradient between the dioritic and 
granitic magmas. In particular, this active marginal zone would facilitate the growth of 
large, acicular amphiboles in the tonalitic hybrid. The composition and zoned nature of the 
amphiboles also indicates that they crystallized in a magmatic environment. 
Variation in chemical composition between the granitic rock, tonalitic hybrid and diorite 
illustrates the movement of elements between the lithologies (Figure 7.6. ). Biotite and 
hornblende within the tonalitic hybrid, and abundant calcic amphiboles in the chilled 
margins of diorites demonstrates the preferred migration of K towards the mafic magma, 
together with the movement of Ca from the mafic magma towards the felsic (Debon, 1991; 
Michael, 1991). The crystallization of calcic amphibole within the felsic melt can be 
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linked to a calcium contribution from the mafic melt (Platevoet and Bonin, 1991). 
Increased calcium in the tonalitic hybrid compared to adjacent granophyre at Elizabeth 
Castle confirms this movement. The higher sodium in the tonalitic hybrid is considered to 
reflect the migration of the element from the mafic magma towards the felsic melt. 
Increased strontium in the tonalitic hybrid, in comparison to granophyre, is probably a 
result of higher modal plagioclase in the hybrid zone. 
Investigations into the crystallization of granitic melts (Naney and Swanson, 1980) showed 
that in the presence of iron and magnesium, growth of feldspars (with the exception of 
plagioclase) and quartz is inhibited in favour of ferromagnesian minerals. Diffusion of Fe, 
Mg and Ca from the dioritic magma into the granitic melt in response to chemical gradients 
would have this effect within the active marginal zone. This would promote the early 
crystallization of amphibole, together with plagioclase. Furthermore, their investigation 
showed that, in the competition for potassium between alkali feldspar and biotite, biotite 
would be the preferred crystallizing phase. This would explain the lack of alkali feldspar in 
the tonalitic hybrids at Elizabeth Castle. Any potassium left, after all the other constituents 
of biotite were used up, could then crystallize as alkali feldspar. This may explain the 
occasional presence of thin leucocratic aureoles immediately adjacent to interfaces. 
7.4. Summary 
The grey hybrid plots on a linear trend on the majority of Harker diagrams and Langmuir 
companion plots. Elements do not show a perfect trend on the normalized diagrams. This 
is accounted for by modifications after physical mixing. The presence of mafic clots, 
diorite enclaves and xenocrysts in the grey hybrid are all interpreted to be the result of 
mechanical exchange between coexisting diorite and granitic magma. It is proposed that 
the grey hybrid formed from the physical mixing of a monzogranitic magma and diorite 
and that a vigorous intrusion of granitic magma into the complex promoted the process. 
Tonalitic hybrid is found along many of the contacts between granitic rocks and diorite. 
These hybrid zones are always narrow. Chemical diffusion is a viable process for the 
formation of hybrid rocks over short distances but, when acting alone, is governed and 
limited by the time required for the solidification of the magma body. As the tonalitic 
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hybrid at Elizabeth Castle formed long before the magma solidified, a process, or 
combination of processes, is required to increase the rate of transfer of elements between 
the coexisting magmas. The presence of volatile-rich hydrous phases, together with the 
increase in temperature and concomitant decrease in viscosity in the active marginal zone 
would bring about such an increase. Diffusion of iron, magnesium and calcium from the 
diorite promoted crystallization of amphibole and biotite whilst suppressing alkali feldspar 
nucleation. Abundant hydrous mineral phases in tonalitic hybrid and diorite, along with 
alkali feldspar and quartz rich pockets in the monzodiorites are interpreted as evidence for 
the infiltration of volatile-rich residual granitic liquids into the diorite. 
169 
Chapter 8: Conclusions 
8.1. Conclusions of research 
The Elizabeth Castle complex consists of a series of layered diorites intimately associated 
with granitic rocks, which comprise predominately granophyre with minor monzogranite. 
Several phases of granite intrusion took place. The first produced sub-parallel granite sheets 
within the layered diorite. Parts of this sheeted complex were then disrupted by further 
intrusion. The latest phase produced the western granophyre, which is devoid of dioritic 
enclaves. The rocks plot on calc-alkaline trends on AFM diagrams, indicative of a 
subduction related setting, and on chemical discrimination diagrams He within the volcanic 
arc granite field. Amphibole geobarometry suggests that the complex formed at a very high 
level in the crust. 
Field relationships, which include crenulate contacts, fine-grained margins in the diorite, 
mafic enclaves within granitic rocks and extensive veining of diorite by granitic rocks, 
indicate that the rocks were present as coexisting magmas. Closely associated with these 
are two minor, but important, lithologies. One is tonalitic and forms marginal zones at 
diorite-granite contacts; the other is a grey inhomogeneous rock, rich in enclaves and mafic 
clots. Field evidence suggests that these are hybrids formed by different forms of interaction 
between coexisting dioritic and granitic magmas. Physical mixing of dioritic and granitic 
magmas produced the grey hybrid. This was induced by the vigorous and forceful intrusion 
of granitic magma into the complex. 
The tonalitic hybrid was produced by diffusional exchange promoted by chemical gradients, 
increased temperature and decreased viscosity of the granitic magma, together with the 
presence of volatile-rich hydrous phases. The migration of elements such as iron, 
magnesium and calcium from the dioritic magma suppressed the crystallization of alkali 
feldspar in the marginal zone while promoting the growth of amphibole and biotite. 
Amphibole and biotite crystallization was further enhanced by two-way diffusion of alkalis. 
Hydrous mineral phases in the diorite, together with alkali feldspar and quartz rich pockets 
in monzodiorite are interpreted as evidence for the infiltration of hydrous phases into dioritic 
magma, modifying its chemical composition. 
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As a result of the work presented in this thesis the following sequence of events at Elizabeth 
Castle is proposed: 
1) Emplacement of dioritic magma, within which in situ differentiation produced modal 
layering. 
2) Emplacement of granitic magma into the dioritic magma, as a series of sub-parallel 
sheets. This produced stable interfaces in the form of crenulate, chilled margins. 
3) Formation of tonalitic hybrid at interfaces between dioritic and granitic magma by 
diff isional exchange. 
4) Further, more vigorous intrusion of granitic magma into the complex, disrupting it in 
parts. 
5) Local mixing of dioritic and granitic magma to produce the grey hybrid. 
6) Emplacement of further granitic magma which crystallized as the western granophyre. 
Intrusion of red granite dykes. Contact relationships indicate that the dioritic rocks were 
solid but that the granitic rocks were incompletely crystallized when the red granite was 
emplaced. 
7) Emplacement of minor intrusions comprising basic dykes, composite dykes and aplite 
sheets once all of the earlier rocks were solid. 
8.2 Implications of research 
This research has furthered the knowledge of processes in high-level magma chambers as 
the evidence shows that magmas were emplaced into a shallow, crustal environment in a 
subduction related setting. Research into the emplacement of granite magmas suggests that 
they assemble by the formation of individual batches of magma, rather than by a single 
intrusion (Petford et al., 1994). In recent years field relationships have been reviewed in the 
South-West and North-West Granite Complexes of Jersey (Pembroke and D'Lemos, 1996; 
Salmon, 1998). The studies have concluded that both complexes formed from the 
penecontemporaneous intrusion of both similar and contrasting magmas. Previous research 
in the South-East Granite Complex was conducted by Bishop and Key (1983) and Topley 
and Brown (1984). Their studies give opposing views on the origin of the complex and 
have left the formation of the South-East Granite Complex less certain. This study has re- 
171 
examined both models, concluding that the dioritic and granitic rocks were coexisting 
magmas, and the complex formed by the emplacement of a series of individual intrusions 
into a magma chamber. The diverse contact relationships encountered at the Elizabeth 
Castle complex can provide a platform for the re-evaluation of the whole of the South-East 
Granite Complex and extend the geological knowledge of the North Armorican Massif 
The intrusion of mafic magma into silicic magma has been examined extensively in field and 
laboratory experiments (i. e. Moyes, 1986; Koyaguchi and Blake, 1991; Wiebe, 1993). 
Studies involving interactions resulting from the intrusion of silicic magma into mafic 
magma are less well documented (i. e. Huppert et al., 1986; Wiebe, 1987; Weinburg, 1997). 
This study has enhanced the field-based contributions into this process by presenting a 
model for dioritic magma intruded by granitic magma. 
Crystal growth experiments were used to study the crystallization of magma (Naney and 
Swanson, 1980). These present a model for the favoured growth of feldspars and quartz 
while the growth of ferromagnesian minerals is inhibited. The formation of the tonalitic 
hybrid and thin leucocratic aureoles in the active marginal zones at Elizabeth Castle has 
provided a field based application for this experimental work. 
Hybrid rocks formed by mixing or mingling of coexisting magmas have been studied 
in 
many volcanic and plutonic environments (i. e. Gamble, 1979; Bussell, 1985; Poli and 
Tommasini, 1999). A complex with hybrid rocks formed by magma mixing and magma 
mingling is unusual. Elizabeth Castle is significant as it provides such an area of research. 
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Appendix A 
Modal mineralogy of the major rock types from Elizabeth Castle. A number of 
representative samples were selected to be used for point counting. The number of counts 
for each sample was set to 2500 as all rocks are fine- to medium grained. 
Sample Quartz Alkali Plagioclase Mafics 
feldspar 
Fine-diorite 0 1.8 46.22 51.98 
Fine-diorite 0 1.65 48.1 50.25 
Monzodiorite 8.05 10 40.98 32 
Monzodiorite 9.53 10.3. 60.8 40.97 
Porphyritic diorite 2 1 61 36 
Porphyritic diorite 3 2 53.22 41.78 
Coarse diorite 0 1 79.49 19.51 
Coarse diorite 4.48 1 60.36 34.16 
Tonalitic hybrid 22.22 0.98 57.05 19.75 
Tonalitic hybrid 16.5 1 55.25 27.25 
Grey hybrid 18.71 10.1 57.69 13.5 
Eastern granophyre 23.95 35.2 34.8 5.65 
Eastern granophyre 19.05 34.04 40.42 6.49 
Western granophyre 20.35 40.43 35.35 2.85 
Western granophyre 23.9 44.33 28.5 3.10 
Monzogranite 18.86 27.99 46.38 6.75 
Fort Regent granophyre 22.6 35.68 32.25 4 
Red granite 20.73 34.5 34.27 10.5 
A-1 
Appendix B 
Elizabeth Castle major, trace and rare earth element XRF geochemistry. Samples were 
analysed at the School of Earth Sciences and Geography, Keele University. All major 
element results are in weight percent while trace and rare earth elements are in parts per 
million. Rock names and sample numbers are given across the top. 
Fine-diorite 4 6 8 10 12 13 14 18 
Si02 46.57 49.68 48.87 49.51 49.94 50.05 50.69 46.71 
Ti02 1.65 1.73 1.71 1.57 1.58 1.58 1.7 1.75 
A1203 16.29 16.89 16.7 16.4 16.4 16.49 16.23 16.63 
Fe203T 12.71 11.4 11.4 11.4 11.38 11.41 11.22 13.31 
MnO 0.21 0.23 0.21 0.21 0.21 0.21 0.2 0.2 
MgO 5.69 4.72 4.74 5.15 5.13 5.2 4.63 5.55 
CaO 8.52 7.91 8.12 8.2 8.46 8.55 6.96 7.96 
Na2O 2.71 3.43 3.39 3.08 3.11 2.99 3.62 2.78 
K20 1.93 2.25 1.99 2.18 2.21 2.2 2.55 2.26 
P205 0.38 0.4 0.4 0.35 0.35 0.34 0.39 0.42 
LOI 2.9 2.05 2.35 1.66 1.6 1.56 1.59 2.58 
Total 99.56 100.68 99.89 99.74 100.36 100.57 99.77 100.15 
Cr 86 57 64 78 73 74 50 82 
Cu 107 48 73 92 86 77 43 21 
Ga 19 18 19 19 18 19 21 20 
Nb 14 16 17 14 15 13 17 16 
Ni 27 20 22 25 24 24 20 30 
Pb 15 15 15 16 17 18 20 13 
Rb 83 76 74 81 80 76 91 89 
Sr 599 565 548 559 566 553 513 608 
Th 0 6 4 7 5 5 4 2 
V 329 296 300 295 291 317 294 326 
Y 26 29 29 27 27 27 31 29 
Zn 109 92 89 91 89 87 113 94 
Zr 124 146 143 129 131 121 155 123 
Ba 608 517 540 564 530 553 636 734 
La 11 14 24 24 21 18 27 11 
Ce 54 63 62 66 57 51 88 37 
Nd 19 25 29 32 27 29 32 18 
Cl 563 513 574 855 594 560 621 574 
S 47 48 52 78 59 51 108 56 
B-1 
Fine-diorite 20 21 118 130 136 137 138 165-1 
Si02 49.47 50.3 50.78 50.03 46.24 46.41 50.1 45.72 
TiO2 1.52 1.64 1.54 1.7 1.67 1.65 1.59 1.58 
A1203 16.32 16.26 16.73 16.04 16.26 16.24 16.91 16.15 
Fe2O3T 11.39 11.21 10.44 11.7 12.73 12.95 10.65 13.66 
MnO 0.22 0.23 0.22 0.24 0.2 0.2 0.2 0.2 
MgO 5.1 4.67 4.23 4.57 5.61 5.8 4.45 6.72 
CaO 7.97 6.97 7.64 7.51 8.68 8.68 8.16 8.92 
Na2O 2.96 3.16 3.09 3.73 2.71 2.71 3.2 2.12 
K20 2.58 2.72 2.41 2.23 2.23 2.21 2.25 2.03 
P205 0.35 0.38 0.36 0.49 0.38 0.38 0.36 0.35 
LOI 1.83 1.61 1.69 1.66 3.2 3.12 1.86 2.56 
Total 99.71 99.15 99.13 99.91 99.92 100.34 99.75 100.01 
Cr 73 59 61 44 72 89 63 133 
Cu 66 62 19 37 16 14 47 15 
Ga 21 22 20 20 17 18 19 18 
Nb 17 21 14 16 15 14 19 14 
Ni 23 23 20 13 27 32 20 39 
Pb 17 26 18 26 15 16 27 15 
Rb 94 98 97 86 95 94 79 76 
Sr 547 501 525 620 610 611 553 650 
Th 5 7 6 5 4 3 7 2 
V 281 303 266 329 316 345 275 316 
Y 29 36 26 30 28 27 32 25 
Zn 101 135 96 158 91 95 168 91 
Zr 137 169 147 146 125 117 141 114 
Ba 637 711 581 627 632 574 533 548 
La 24 39 21 36 24 17 33 11 
Ce 54 72 55 80 57 45 80- 43 
Nd 25 27 31 44 32 27 40 20 
Cl 583 554 555 590 776 644 845 674 
S 48 281 44 56 65 50 68 40 
B-2 
Fine-diorite 165-2 165-3 187 188 202 204 206 
Si02 46.22 45.77 46.24 48.82 49.03 46.99 51.75 
Ti02 1.51 1.41 1.68 1.62 1.36 1.28 1.58 
A1203 15.93 15.25 16.39 16.49 16.35 17.22 16.76 
Fe2O3T 12.75 13.05 12.55 12.07 11.07 10.15 10.68 
MnO 0.18 0.19 0.21 0.22 0.22 0.14 0.2 
MgO 7.01 8.09 5.65 5.43 6.35 7.25 4.36 
Ca0 8.74 8.33 8.44 7.89 8.42 8.81 7.64 
Na20 2.17 2.11 2.76 3.36 2.81 2.46 3.08 
K20 2.44 2.08 2.19 1.92 2 1.56 2.14 
P205 0.34 0.32 0.39 0.37 0.24 0.29 0.36 
LOI 2.84 2.91 3.04 2.56 2.37 3.13 1.5 
Total 100.14 99.5 99.54 100.76 100.22 99.29 100.05 
Cr 121 149 85 72 133 62 
Cu 14 16 12 14 52 38 52 
Ga 17 18 20 18 20 17 20 
Nb 13 14 14 14 8 7 19 
Ni 39 51 27 26 35 20 
Pb 15 15 16 17 24 13 21 
Rb 95 88 80 73 101 49 79 
Sr 613 538 587 582 536 508 509 
Th 2 1 1 5 6 1 5 
V 295 273 326 305 307 202 273 
Y 24 24 28 27 25 20 34 
Zn 89 97 100 91 112 79 100 
Zr 116 113 123 132 155 103 145 
Ba 689 630 642 585 649 511 601 
La 10 14 11 18 21 18 30 
Ce 55 51 41 65 40 34 87 
Nd 23 34 25 25 30 18 30 
Cl 711 1019 671 538 480 238 516 
S 99 155 53 55 62 79 121 
B-3 
I 
Fine-diorite 308 315 319 3691 3692 3693 3694 
Si02 53.99 49.7 51.14 48.84 47.63 47.66 47.43 
Ti02 1.47 1.56 1.63 1.67 1.77 1.75 1.75 
A1203 17.16 16.13 16.16 17.47 17.25 17.68 17.78 
Fe2O3T 7.86 11.41 10.98 11.26 11.8 11.55 11.97 
MnO 0.16 0.22 0.22 0.21 0.2 0.2 0.2 
MgO 3.14 5.43 4.61 4.83 5.05 4.97 5.03 
CaO 6.44 6.73 7.1 6.84 7.1 7.23 7.28 
Na2O 3.75 3.59 3.98 4.11 3.96 3.68 
K20 2.14 2.9 2.02 1.94 1.96 1.81 
P205 0.54 0.38 0.37 0.4 0.32 0.35 0.43 
LOI 2.21 2.05 1.58 2.23 2.37 2.46 2.53 
Total 100.32 99.49 100.29 99.76 99.54 99.77 99.9 
Cr 2 59 43 62 67 64 69 
Cu 9 65 49 42 34 28 21 
Ga 21 20 20 20 20 19 20 
Nb 27 18 20 17 18 17 17 
Ni 5 23 20 20 20 22 23 
Pb 13 15 25 14 14 13 13 
Rb 43 86 93 67 62 62 56 
Sr 590 485 506 563 563 576 572 
Th 9 5 7 6 5 2 2 
V 167 309 289 320 328 322 316 
Y 43 29 34 30 29 27 29 
Zn 52 90 142 117 118 119 126 
Zr 267 126 153 135 133 138 134 
Ba 551 586 642 583 569 570 541 
La 49 31 38 24 27 17 17 
Ce 89 68 74 66 50 51 50 
Nd 35 32 27 21 26 23 25 
Cl 833 665 597 738 921 834 588 
S 71 315 60 65 51 49 53 
B-4 
Monzodiorite 1 2 3 16 120 126 127 
Si02 49.66 47.65 50.13 47.22 55.65 52.45 52.71 
Ti02 1.62 1.62 1.58 1.7 1.43 1.37 1.36 
A1203 16.44 16.02 16.18 18.1 16.23 17.45 17.27 
Fe2O3T 11.63 11.96 11.39 11.56 9.53 9.49 9.48 
MnO 0.23 0.2 0.19 0.19 0.17 0.19 0.18 
MgO 5.03 5.21 4.93 5 3.25 3.55 3.68 
CaO 7.8 8.55 8.1 7.25 4.93 7.16 7.16 
Na2O 3.07 3.03 3.09 3.14 3.66 3.33 3.39 
K20 2.43 2.23 2.28 2.27 3.06 2.76 2.66 
P205 0.36 0.36 0.33 0.39 0.39 0.45 0.45 
LOI 1.74 2.23 1.75 2.72 2.01 1.71 1.76 
Total 100.01 99.08 99.96 99.53 100.31 99.92 100.11 
Cr 67 77 71 68 15 40 36 
Cu 64 114 199 17 150 47 41 
Ga 20 21 20 17 19 20 20 
Nb 14 17 16 16 19 22 17 
Ni 22 25 21 25 9 13 13 
Pb 15 16 21 13 45 31 26 
Rb 90 82 89 81 117 98 88 
Sr 526 556 503 653 517 571 563 
Th 5 6 7 1 9 8 10 
V 303 291 309 310 236 234 250 
Y 26 28 28 28 31 38 34 
Zn 94 104 97 123 148 109 145 
Zr 138 134 128 137 176 198 169 
Ba 699 598 611 682 600 646 572 
La 18 14 21 24 33 42 45 
Ce 55 55 47 61 83 113 97 
Nd 30 21 21 32 38 48 38 
Cl 326 638 423 670 439 960 1104 
S 52 182 370 59 57 440 179 
B-5 
Monzodiorite 128 129 148 162 170T 170M 170B 
Si02 51.32 51.77 55.67 50.45 53.54 54.11 54.77 
Ti02 1.41 1.43 1.46 1.62 1.62 1.58 1.6 
A1203 16.94 16.88 16.31 16.84 15.89 15.83 16.04 
Fe2O3T 9.94 9.77 9.98 10.7 10.52 10.4 10.41 
MnO 0.18 0.18 0.21 0.24 0.22 0.21 0.21 
MgO 3.87 3.71 3.34 4.46 3.48 3.37 3.41 
CaO 7.46 7.35 5.8 7.01 5.14 5.19 5.13 
Na2O 3.33 3.29 3.54 3.31 3.71 3.78 3.64 
K20 2.57 2.59 2.65 2.78 3.41 3.25 3.13 
P205 0.44 0.44 0.39 0.37 0.4 0.4 0.4 
LOI 1.86 1.88 1.62 1.66 1.35 1.39 1.34 
Total 99.32 99.29 100.93 99.45 99.28 99.53 100.08 
Cr 46 37 14 51 25 13 15 
Cu 39 38 19 38 21 18 22 
Ga 21 20 20 19 24 22 22 
Nb 15 15 19 15 24 24 23 
Ni 12 13 6 18 8 8 9 
Pb 23 24 32 18 36 46 37 
Rb 88 87 102 99 130 128 121 
Sr 581 594 465 614 509 506 478 
Th 8 10 9 6 9 9 7 
V 254 257 245 271 242 237 230 
Y 30 29 30 28 33 35 35 
Zn 125 131 124 71 174 170 143 
Zr 169 172 172 142 188 185 188 
Ba 528 562 616 796 674 677 642 
La 42 42 33 30 33 39 30 
Ce 85 73 69 56 78 77 88 
Nd 31 36 27 36 39 35 40 
Cl 1187 1372 444 858 444 636 447 
S 219 80 118 163 95 77 88 
B-6 
Monzodiorite 171T 171B 172 181 198 201 203 
Si02 48.36 52.81 53.11 47.95 52.15 54.74 52.05 
Ti02 1.63 1.68 1.67 1.86 1.73 1.69 1.59 
A1203 16.25 15.84 15.99 17.02 15.43 15.5 17.29 
Fe2O3T 12.02 11.17 11.08 12.65 11.45 10.2 10.15 
MnO 0.2 0.23 0.22 0.19 0.2 0.18 0.2 
MgO 5.24 3.77 3.79 4.99 4.14 3.26 3.41 
CaO 8.37 5.24 5.13 6.51 7.27 6.35 5.8 
Na20 3.02 3.71 3.64 3.52 3.82 3.6 3.44 
K20 2.15 3.3 3.17 2.45 2.66 3.22 
P205 0.36 0.4 0.4 0.4 0.4 0.42 0.39 
LOI 2.16 1.41 1.46 2.94 1.53 1.32 1.81 
Total 99.76 99.56 99.65 99.48 100.58 99.93 99.33 
Cr 22 17 15 55 29 37 16 
Cu 22 19 22 12 35 33 15 
Ga 22 21 22 19 22 21 22 
Nb 22 21 22 16 16 23 21 
Ni 9 9 9 21 13 6 10 
Pb 23 27 25 14 16 34 19 
Rb 131 137 134 57 76 87 120 
Sr 513 524 515 630 510 493 566 
Th 8 9 8 1 5 11 6 
V 255 280 268 342 324 273 259 
Y 32 32 32 27 31 37 31 
Zn 140 159 139 87 160 129 79 
Zr 182 171 184 143 150 190 162 
Ba 707 685 694 485 644 615 721 
La 27 27 27 17 27 30 24 
Ce 85 79 76 64 64 92 70 
Nd 36 32 36 41 34 37 36 
Cl 344 496 466 882 375 554 365 
S 69 53 61 45 178 184 46 
B-7 
Porphyritic diorite 311 321 334 350 
Si02 48.06 50.6 48.8 49.5 
Ti02 1.61 1.59 1.67 1.52 
A1203 17.5 16.91 16.66 18.08 
Fe2O3T 10.99 10.57 11.35 10.57 
MnO 0.21 0.21 0.24 0.21 
MgO 4.79 4.36 4.9 4.57 
Ca0 7.97 8.02 7.89 8.37 
Na20 3.51 3.45 3.6 3.3 
K20 2.79 2.58 2.28 2.02 
P205 0.35 0.37 0.36 0.35 
LOI 1.94 1.62 2.72 1.88 
Total 99.72 100.27 100.47 100.37 
Cr 50 41 54 70 
Cu 26 37 29 31 
Ga 20 20 19 21 
Nb 17 22 17 16 
Ni 18 18 21 21 
Pb 14 15 14 24 
Rb 112 93 98 92 
Sr 541 572 514 509 
Th 5 6 5 3 
V 275 279 313 278 
Y 26 31 27 27 
Zn 74 72 92 88 
Zr 129 149 131 128 
Ba 716 565 594 618 
La 20 34 24 20 
Ce 60 72 55 57 
Nd 32 26 23 27 
C1 718 590 542 249 
S 213 192 59 79 
B-8 
Coarse diorite 119\1 119-2 153 174 
SiO2 50.3 49.89 46.86 52.77 
TiO2 1.14 1.16 0.97 1.56 
A1203 20.75 20.07 23.39 17.36 
Fe203T 8.18 8.36 7.16 10.34 
MnO 0.14 0.13 0.12 0.2 
MgO 3.64 3.66 3.6 3.46 
CaO 8.95 8.74 9.52 5.85 
Na20 3.14 3.12 2.59 3.63 
K20 1.91 2.03 2.69 3.09 
P205 0.34 0.34 0.25 0.41 
LOI 2.43 2.59 3.31 1.61 
Total 100.93 100.08 100.48 100.27 
Cr 56 54 68 26 
Cu 19 16 9 27 
Ga 19 20 18 22 
Nb 11 11 10 21 
Ni 18 16 16 7 
Pb 20 19 17 24 
Rb 74 70 129 117 
Sr 706 780 684 514 
Th 8 7 0 9 
V 212 202 177 241 
Y 20 20 15 30 
Zn 94 78 54 120 
Zr 114 119 84 153 
Ba 441 380 485 702 
La 18 18 15 30 
Ce 57 58 28 76 
Nd 25 29 12 36 
Cl 821 788 266 559 
S 66 61 43 109 
B-9 
Tonalitic hybrid 26\1 27 300B 
Si02 60.93 64.17 63.6 
TiO2 1.04 0.8 0.56 
A1203 16.28 16.2 16.34 
Fe2O3T 6.21 4.67 5.09 
MnO 0.1 0.06 0.05 
MgO 2.05 1.37 1.02 
CaO 3.57 3 2.53 
Na2O 4.45 4.83 5.02 
K20 3.32 3.17 3.98 
P205 0.31 0.34 0.23 
LOI 1.57 1.3 0.81 
Total 99.83 99.92 99.23 
Cr 15 20 15 
Cu 10 5 63 
Ga 19 18 21 
Nb 20 25 23 
Ni 5 4 2 
Pb 19 10 20 
Rb 88 72 98 
Sr 399 390 422 
Th 15 16 18 
V 121 43 ' 13 
Y 32 36 34 
Zn 51 46 42 
Zr 236 191 285 
Ba 742 540 1095 
La 27 46 56 
Ce 79 102 113 
Nd 25 45 48 
Cl 503 798 406 
S 41 45 46 
301A 306 306A 307 
66.44 61.14 61.99 62.95 
0.61 0.85 0.81 0.89 
15.21 16.27 16.43 15.95 
4 5.74 5.33 4.59 
0.05 0.09 0.08 0.1 
1.2 1.76 1.6 1.86 
3.23 4.24 4.23 4.33 
4.92 5.21 5.32 
3.3 3.13 2.92 
0.15 0.31 0.31 0.31 
1.02 0.74 0.68 1.12 
100.12 99.48 99.69 99.52 
9 4 3 4 
13 9 10 11 
16 18 20 20 
26 24 24 23 
5 5 6 4 
12 19 20 14 
73 76 68 31 
380 506 524 537 
25 13 15 15 
75 68 59 95 
34 35 36 34 
39 39 39 43 
189 186 209 183 
515 873 275 724 
45 63 42 49 
96 120 98 81 
41 40 29 35 
550 687 731 1052 
62 220 317 227 
B-10 
Tonalitic hybrid 357 Grey hybrid 359 
Si02 59.68 62.11 
Ti02 0.98 1 
A1203 17.16 15.8 
Fe2O3T 6.03 6.7 
MnO 0.09 0.12 
MgO 1.91 2.02 
CaO 4.17 4.3 
Na2O 4.87 4.12 
K20 3.08 3.45 
P205 0.37 0.32 
LOI 1.56 1.01 
Total 99.92 100.95 
Cr 4 12 
Cu 14 17 
Ga 18 22 
Nb 16 17 
Ni 2 7 
Pb 25 22 
Rb 82 108 
Sr 526 367 
Th 13 16 
V 106 68 
Y 26 28 
Zn 80 59 
Zr 219 190 
Ba 601 662 
La 41 35 
Cc 89 85 
Nd 30 28 
Cl 578 650 
S 49 46 
B-11 
Monogranite 354 363 360 
Si02 66.31 65.99 67.88 
Ti02 0.68 0.68 0.58 
A1203 15.01 15.21 15.2 
Fe2O3T 4.49 3.88 3.65 
MnO 0.05 0.06 0.05 
MgO 1.27 1.46 1.24 
Ca0 2.47 2.37 1.87 
Na20 4.55 5.05 4.99 
K20 4.11 4.05 3.56 
P205 0.21 0.18 0.14 
LOI 0.9 0.98 1.11 
Total 100.05 99.91 100.28 
Cr 5 8 10 
Cu 6 3 15 
Ga 16 17 16 
Nb 23 23 25 
Ni 4 3 3 
Pb 16 11 14 
Rb 105 105 82 
Sr 328 294 240 
Th 20 22 24 
V 71 86 82 
Y 33 36 32 
Zn 26 28 43 
Zr 206 223 180 
Ba 623 630 992 
La 42 52 46 
Ce 89 91 93 
Nd 39 34 23 
Cl 554 873 341 
S 51 161 42 
B-12 
Eastern granophyre 5 7 11 109 159 168 305 
Si02 70 68.54 68.3 71.42 71.19 73.04 66.63 
TiO2 0.41 0.42 0.5 0.34 0.34 0.3 0.52 
A1203 15.15 15.36 15.7 14.58 14.28 14.07 16.13 
Fe2O3T 2.63 2.96 3.07 2.55 2.27 2.26 3.41 
MnO 0.02 0.03 0.03 0.03 0.02 0.02 0.03 
MgO 0.59 0.68 0.72 0.43 0.46 0.35 0.93 
CaO 1.32 1.58 1.31 0.48 0.98 0.56 2.05 
Na2O 3.93 4.47 4.38 4.16 4.06 3.95 4.9 
K20 5.2 4.78 4.97 5.19 4.99 5.17 4.35 
P205 0.09 0.12 0.12 0.08 0.08 0.06 0.14 
LOI 0.8 0.88 1.3 0.72 0.72 0.76 0.93 
Total 100.13 99.81 100.4 99.99 99.41 100.54 100.01 
Cr 19 12 22 11 11 11 6 
Cu 24 3 1 3 5 3 3 
Ga 15 17 18 17 15 17 18 
Nb 16 15 20 23 22 21 19 
Ni 3 5 2 4 4 3 3 
Pb 20 18 12 24 19 24 13 
Rb 115 100 110 163 154 151 114 
Sr 264 281 247 140 85 146 308 
Th 25 21 18 28 29 27 21 
V 24 26 33 24 19 18 47 
Y 21 23 24 29 30 26 20 
Zn 25 29 26 34 25 35 21 
Zr 248 277 312 256 261 218 340 
Ba 1014 973 589 570 605 920 603 
La 58 33 58 55 36 45 42 
Ce 106 65 112 111 97 87 68 
Nd 36 29 34 34 32 31 25 
Cl 394 409 581 437 551 406 773 
S 43 46 44 50 46 45 53 
B-13 
Eastern granöphyre 338 343 344 347 
Si02 69.3 70.86 71.9 69.92 
TiO2 0.42 0.33 0.31 0.39 
A1203 14.75 14.36 14.13 14.58 
Fe2O3T 2.28 2.33 2.35 2.8 
MnO 0.03 0.03 0.03 0.02 
MgO 0.61 0.49 0.5 0.66 
CaO 1.96 0.97 1.03 1.14 
Na2O 5.29 4.15 4.34 4.4 
K20 4.1 5.19 5 5.02 
P205 0.1 0.07 0.07 0.09 
LOI 0.9 0.84 0.61 0.76 
Total 99.74 99.61 100.25 99.79 
Cr 5 5 6 6 
Cu 3 4 3 3 
Ga 12 15 16 15 
Nb 19 20 23 23 
Ni 3 2 2 7 
Pb 7 17 15 12 
Rb 86 120 136 129 
Sr 273 235 146 194 
Th 23 30 29 27 
V 30 20 23 32 
Y 24 26 30 30 
Zn 20 32 27 23 
Zr 281 229 221 254 
Ba 886 522 702 762 
La 42 56 38 38 
Ce 92 112 86 85 
Nd 30 33 34 38 
Cl 387 401 535 249 
S 43 44 49 44 
B-14 
Western 
granophyre 
Si02 
Ti02 
A1203 
Fe2O3T 
MnO 
MgO 
CaO 
Na2O 
K20 
P205 
LOI 
Total 
Cr 
Cu 
Ga 
Nb 
Ni 
Pb 
Rb 
Sr 
Th 
V 
Y 
Zn 
Zr 
Ba 
La 
Ce 
Nd 
Cl 
S 
100 
71.77 
0.33 
14.16 
2.48 
0.02 
0.37 
0.37 
4.11 
5.31 
0.09 
0.73 
99.74 
17 
4 
16 
24 
3 
21 
173 
117 
30 
10 
29 
27 
268 
545 
49 
98 
40 
954 
55 
101 101-2 102 103 
70.97 70.73 71.9 70.18 
0.33 0.34 0.33 0.36 
14.3 14.43 14.52 14.42 
2.93 2.97 2.52 2.71 
0.06 0.05 0.04 0.04 
0.44 0.46 0.45 0.53 
0.87 0.92 0.58 0.67 
4.03 4.05 4.17 4.22 
5.29 5.31 5.35 5.39 
0.1 0.11 0.09 0.09 
0.74 0.57 0.7 0.71 
100.05 99.94 100.64 99.33 
10 10 12 16 
9 17 4 4 
16 16 15 17 
23 23 22 23 
2 2 3 2 
25 35 24 23 
183 183 170 173 
143 157 130 128 
29 32 28 28 
22 13 22 22 
27 28 27 27 
48 53 37 36 
260 258 256 267 
545 570 555 555 
55 52 46 33 
113 108 101 103 
37 39 37 42 
561 848 424 406 
55 188 43 47 
103-63 104 
71.21 72.02 
0.34 0.34 
14.4 14.39 
2.5 2.5 
0.03 0.04 
0.43 0.45 
0.53 0.86 
4.29 3.98 
5.42 5.16 
0.09 0.1 
0.7 0.78 
99.94 100.62 
17 11 
4 2 
15 18 
22 24 
1 4 
21 20 
171 164 
125 178 
29 28 
16 22 
28 28 
34 30 
256 260 
562 532 
55 33 
108 89 
39 30 
586 698 
56 99 
B-15 
Red granite ' 105 122 123 125 183 345 
Si02 72.14 72.39 71.29 73.35 71.55 73.33 
Ti02 0.35 0.28 0.32 0.31 0.36 0.22 
A1203 14.37 13.93 14.37 14.22 14.4 13.12 
Fe2O3T 2.62 2.76 2.54 2.21 2.63 2.18 
MnO 0.02 0.01 0.04 0.02 0.02 0.03 
MgO 0.52 0.4 0.46 0.41 0.48 0.43 
CaO 0.36 0.24 0.65 0.45 0.71 1.81 
Na2O 4.19 3.85 4.21 3.92 4.05 3.59 
K20 4.96 4.94 5.16 5.17 4.97 4.94 
P205 0.09 0.07 0.08 0.07 0.09 0.05 
LOI 0.81 0.88 0.71 0.67 0.74 0.67 
Total 100.43 99.76 99.83 100.79 99.98 100.36 
Cr 11 18 14 19 17 6 
Cu 3 2 3 1 2 4 
Ga - 15 14 14 15 15 12 
Nb 24 23 23 21 20 18 
Ni 4 2 4 1 1 6 
Pb 15 9 23 18 20 5 
Rb 152 139 165 146 156 115 
Sr 136 95 139 153 141 279 
Th 30 29 28 27 26 28 
V 35 21 20 15 26 27 
Y 26 30 29 28 26 24 
Zn 24 16 35 25 31 21 
Zr 244 217 232 221 244 160 
Ba 735 566 589 553 903 555 
La 40 49 49 46 36 35 
Ce 101 106 82 98 77 75 
Nd 32 40 30 32 25 23 
Cl 622 649 257 273 653 356 
S 46 51 41 41 46 57 
B-16 
Fort Regent'granophyre FRG-1 FRG-2 FR-180 
Si02 70.03 72.49 69.43 
Ti02 0.4 0.33 0.39 
A1203 14.86 13.61 14.43 
Fe2O3T 3.29 2.33 3.33 
MnO 0.06 0.04 0.08 
MgO 0.52 0.39 0.58 
Ca0 1.3 1.06 1.32 
Na20 4.39 4.4 4.51 
K20 4.96 4.27 4.73 
P205 0.1 0.08 0.1 
LOI 0.99 1.76 1.15 
Total 100.91 100.77 100.04 
Cr 12 14 7 
Cu 3 2 4 
Ga 18 15 19 
Nb 21 20 21 
Ni 1 1 3 
Pb 22 9 31 
Rb 152 105 130 
Sr 188 87 192 
Th 22 22 23 
V 22 18 17 
Y 33 26 34 
Zn 36 31 69 
Zr 245 228 266 
Ba 788 610 801 
La 52 55 49 
Ce 103 96 113 
Nd 32 42 46 
Cl 341 429 765 
S 42 52 42 
B-17 
Appendix C 
Elizabeth Castle rare earth element ICP geochemistry. Powdered samples were sent to the 
University of Greenwich for ICP analysis. All results are in parts per million. Sample 
numbers are given across the top. Rock names are given in Appendix B. 
Sample 5 11 101 300 306 153 334 126 
La 139 68.73 48.90 56.90 18.23 71.70 28.61 67.21 57.17 
Ce 140 126.55 87.21 106.64 40.09 129.85 59.42 120.92 117.17 
Pr 141 12.54 9.21 10.62 5.01 14.07 7.48 12.98 13.53 
Nd 146 42.43 31.61 37.34 20.41 51.24 29.80 46.23 52.54 
Sm 147 7.10 5.82 6.33 4.22 9.54 6.37 8.58 10.58 
Eu 151 1.46 1.48 0.94 1.28 2.30 1.90 2.02 2.28 
Gd 157 5.81 4.40 5.44 3.36 7.59 5.35 7.43 9.09 
Tb 159 0.65 0.59 0.77 0.50 1.07 0.81 1.04 1.13 
Dy 162 3.74 3.62 4.16 2.91 5.67 4.72 5.12 6.47 
Ho 165 0.77 0.83 0.96 0.64 1.20 1.00 1.27 1.41 
Er 166 2.16 2.29 2.71 1.46 3.20 2.74 3.11 3.29 
Yb 174 2.26 2.28 3.01 1.28 2.81 2.28 3.14 3.43 
Lu 175 0.31 0.32 0.48 0.24 0.48 0.40 0.53 0.53 
Total REE 274.50 198.55 236.29 99.63 300.71 150.89 279.58 278.62 
Sample 127 128 129 3691 3692 3693 3694 
La 139 45.82 42.16 44.33 36.29 31.06 26.68 31.17 
Ce 140 94.35 88.19 92.50 73.02 65.67 56.20 65.96 
Pr 141 11.11 10.85 11.31 9.19 8.00 7.06 8.01 
Nd 146 45.04 43.71 45.71 38.41 33.43 30.89 34.81 
Sm 147 8.74 8.50 9.36 8.25 6.31 6.17 6.92 
Eu 151 2.07 2.44 2.40 2.21 2.23 2.09 2.26 
Gd 157 7.72 6.97 6.99 5.99 6.04 4.71 5.47 
Tb 159 1.04 0.97 1.00 0.91 0.86 0.75 0.86 
Dy 162 5.53 5.39 5.22 5.05 4.82 4.37 5.03 
Ho 165 1.05 1.09 1.08 1.11 0.99 0.98 1.14 
Er 166 2.73 2.65 2.80 2.75 2.43 2.34 2.30 
Yb 174 2.53 2.62 2.32 2.46 2.34 2.05 2.31 
Lu 175 0.39 0.34 0.39 0.43 0.38 0.31 0.37 
Total REE 228.13 215.87 225.41 186.05 164.57 144.57 166.61 
C-1 
Appendix D 
Amphibole analyses for rocks from Elizabeth Castle were carried out at the School of Earth 
Sciences and Geography at Keele University on a Jeol JSM-35C scanning electron 
microscope. Polished thin sections were prepared in the department at Keele University. 
Slide no. 6714 6168 6168 6168 6168 6275 6276 6417 
Si02 54.153 51.965 53.171 52.983 54.389 53.987 53.815 54.879 
Af'O 
A1"'O 0.822 2.9 2.634 2.132 1.413 2.103 2.195 2.091 
Fe3O 8.669 8.592 7.064 8.065 7.757 7.776 7.463 
Fe20 19.494 6.26 6.369 8.23 7.846 6.521 5.758 5.945 
Ti02 0.305 0.303 0.444 
MgO 9.91 14.998 15.096 14.858 14.688 15.369 16.102 15.893 
Mn2O 0.943 0.503 0.333 0.328 0.794 0.299 0.409 0.426 
CaO 11.779 9.763 10.482 10.014 10.442 10.931 10.545 10.521 
NaAO 
NaM4O 0.368 0.487 0.518 0.578 
K20 0.166 0.133 0.176 
CIO 0.24 0.705 0.329 0.605 0.44 0.581 
Si 8.092 7.513 7.589 7.624 7.749 7.691 7.653 7.756 
Al" 0 0.487 0.411 0.362 0.237 0.309 0.347 0.244 
Al" 0.145 0.007 0.033 0 0 0.045 0.021 0.105 
Fei 0.943 0.923 0.765 0.865 0.832 0.832 0.794 
Fee 2.436 0.757 0.76 0.99 0.935 0.777 0.685 0.703 
Ti 0.033 0.033 0.048 
Mg 2.207 3.231 3.211 3.186 3.119 3.263 3.413 3.348 
Mnz 0.119 0.062 0.04 0.04 0.096 0.036 0.049 0.051 
Ca 1.886 1.512 1.603 1.544 1.594 1.669 1.607 1.593 
NaA 0 0 0 0 0 0 0 0 
NaM4 0.107 0.137 0.145 0.158 
K 0 0.031 0.024 0.032 0 0 0 0 
Cl 0.061 0.173 0.08 0.148 0.106 0.14 
Mg no. 48 81 81 76 77 81 83 83 
Amp. type actinolite actinolite actinolite actinolite actinolite actinolite actinolite actinolite 
D-1 
Slide no. 6693 6693 6693 6693 6693 6693 6693 6693 
SiO2 52.029 53.671 54.219 54.473 53.199 55.062 54.249 53.858 
Af"O 
A1"O 3.675 1.314 0.936 1.535 2.232 1.416 1.971 1.607 
Fe30 7.071 7.425 7.341 7.832 9.792 8.623 7.373 7.247 
Fe20 8.416 9.52 9.9 8.58 6.16 8.782 9.193 8.632 
Ti02 
MgO 13.947 13.489 13.313 13.907 14.434 13.672 14.118 13.846 
Mn20 0.554 0.388 0.482 0.475 0.234 0.416 0.333 0.314 
CaO 10.001 10.224 10.469 10.523 10.339 10.345 10.449 10.366 
NaAO 
NaM40 0.555 
K20 0.185 0.115 
CIO 0.581 0.249 0.425 
Si 7.517 7.822 7.886 7.827 7.679 7.841 7.739 7.838 
1P" 0.483 0.178 0.114 0.173 0.321 0.159 0.261 0.162 
JVi 0.143 0.048 0.047 0.087 0.059 0.078 0.07 0.114 
Fei 0.769 0.814 0.804 '0.847 1.064 0.924 0.791 0.794 
Fee 1.017 1.16 1.204 1.031 0.744 1.046 1.097 1.051 
Ti 
Mg 3.003 2.93 2.886 2.978 3.105 2.901 3.001 3.003 
Mn2 0.068 0.048 0.059 0.058 0.029 0.05 0.04 0.039 
Ca 1.548 1.597 1.632 1.62 1.599 1.578 1.597 1.616 
NaA 0 0 0 0 0 0 0 0 
NaM4 0.155 
K 0.034 0 0 0 0 0 0 0.021 
Cl 0.142 0.061 0.103 
Mg no. 75 72 71 74 81 74 73 74 
Amp. type actinolite actinolite actinolite actinolite actinolite actinolite actinolite actinolite 
D-2 
Slide no. 6693 6693 6693 6693 6169 6168 6767 6767 
SiO2 53.959 53.905 53.748 52.789 52.623 52.251 54.301 52.602 
Ali"O 
A1"O 1.826 2.261 1.908 2.877 2.711 2.862 1.254 3.644 
Fe30 7.179 9.996 7.763 11.613 7.846 6.227 9.749 3.89 
Fe20 10.381 6.853 9.204 6.481 6.889 8.445 4.304 8.054 
Ti02 0.341 0.32 0.617 0.407 
MgO 12.752 13.886 13.74 13.265 15.273 14.987 15.969 15.538 
Mn2O 0.384 0.262 0.435 0.332 0.409 0.423 0.399 0.293 
CaO 10.387 10.081 10.893 9.861 9.443 9.688 8.911 9.692 
NaAO 
NaM40 0.869 0.958 0.662 1.161 
K20 0.173 0.177 0.256 0.194 
CIO 0.817 0.839 0.583 0.759 
Si 7.835 7.723 7.709 7.592 7.531 7.503 7.77 7.575 
Al'' 0.165 0.277 0.291 0.408 0.457 0.485 0.212 0.425 
Al"' 0.148 0.105 0.032 0.08 0 0 0 0.194 
Fei 0.784 1.078 0.838 1.257 0.845 0.673 1.05 0.422 
Fee 1.261 0.821 1.104 0.779 0.825 1.014 0.515 0.97 
Ti 0.037 0.034 0.067 0.044 
Mg 2.76 2.965 2.937 2.843 3.258 3.207 3.405 3.335 
Mn2 0.047 0.032 0.053 0.04 0.05 0.051 0.048 0.036 
Ca 1.616 1.548 1.674 1.52 1.448 1.491 1.366 1.496 
NaA 0 0 0 0 0 0 0 0 
NaM4 0.241 0.267 0.184 0.324 
K 0 0 0 0.032 0.032 0.047 0 0.036 
Cl 0.198 0.204 0.141 0.185 
Mg no. 69 78 73 78 80 76 87 77 
Amp. type actinolite actinolite actinolite actinolite actinolite actinolite actinolite actinolite 
D-3 
Slide no. 6693 6693 6693 6693 6169 6168 6767 6767 
Si02 53.959 53.905 53.748 52.789 52.623 52.251 54.301 52.602 
Ali"O 
A1"10 1.826 2.261 1.908 2.877 2.711 2.862 1.254 3.644 
Fe30 7.179 9.996 7.763 11.613 7.846 6.227 9.749 3.89 
Fe2O 10.381 6.853 9.204 6.481 6.889 8.445 4.304 8.054 
Ti02 0.341 0.32 0.617 0.407 
MgO 12.752 13.886 13.74 13.265 15.273 14.987 15.969 15.538 
Mn2O 0.384 0.262 0.435 0.332 0.409 0.423 0.399 0.293 
CaO 10.387 10.081 10.893 9.861 9.443 9.688 8.911 9.692 
NaAO 
NaM4O 0.869 0.958 0.662 1.161 
K20 0.173 0.177 0.256 0.194 
CIO 0.817 0.839 0.583 0.759 
Si 7.835 7.723 7.709 7.592 7.531 7.503 7.77 7.575 
Al'" 0.165 0.277 0.291 0.408 0.457 0.485 0.212 0.425 
Al"' 0.148 0.105 0.032 0.08 0 0 0 0.194 
Fei 0.784 1.078 0.838 1.257 0.845 0.673 1.05 0.422 
Fee 1.261 0.821 1.104 0.779 0.825 1.014 0.515 0.97 
Ti 0.037 0.034 0.067 0.044 
Mg 2.76 2.965 2.937 2.843 3.258 3.207 3.405 3.335 
Mn2 0.047 0.032 0.053 0.04 0.05 0.051 0.048 0.036 
Ca 1.616 1.548 1.674 1.52 1.448 1.491 1.366 1.496 
NaA 0 0 0 0 0 0 0 0 
NaM4 0.241 0.267 0.184 0.324 
K 0 0 0 0.032 0.032 0.047 0 0.036 
Cl 0.198 0.204 0.141 0.185 
Mg no. 69 78 73 78 80 76 87 77 
Amp. type actinolite actinolite actinolite actinolite actinolite actinolite actinolite actinolite 
D-3 
Slide no. 6767 6275 6510 6164 6164 6164 6164 6693 
Si02 52.96 53.939 52.293 52.414 53.689 54.233 53.409 52.826 
Al'"O 
A1"'O 3.52 1.625 2.472 2.748 1.903 2.211 2.328 2.655 
Fe30 8.388 9.352 6.82 7.341 9.957 7.886 8.084 7.582 
Fe20 4.303 4.626 8.454 8.072 5.176 6.068 7.251 6.857 
Ti02 0.507 0.294 0.276 0.494 
MgO 16.243 16.008 14.683 14.353 15.125 16.088 14.817 15.376 
Mn20 0.434 0.277 0.27 0.395 0.646 0.446 0.458 0.361 
CaO 9.156 9.547 9.574 9.512 9.118 9.88 9.413 9.617 
NaAO 
NaM40 1.216 0.524 0.986 0.589 0.424 0.645 0.671 0.903 
K20 0.156 0.231 0.228 0.211 0.178 0.178 0.135 0.215 
CIO 0.695 0.346 0.648 0.72 0.606 0.647 0.667 0.625 
Si 7.517 7.718 7.562 7.581 7.683 7.646 7.632 7.547 
A1" 0.483 0.274 0.421 0.519 0.317 0.354 0.368 0.447 
A1"' 0.106 0 0 0.05 0.004 0.014 0.024 0 
Fei 0.896 1.007 0.742 0.799 1.072 0.837 0.869 0.815 
Fee 0.511 0.554 1.033 0.977 0.619 0.715 0.866 0.819 
Ti 0.055 0.032 0.03 0.053 
Mg 3.436 3.414 3.164 3.094 3.226 3.381 3.155 3.274 
Mn2 0.052 0.034 0.033 0.048 0.078 0.053 0.055 0.044 
Ca 1.392 1.464 1.483 1.474 1.398 1.493 1.441 1.472 
NaA 0 0 0 0 0 0 0 0 
NaM4 0.335 0.145 0.276 0.165 0.118 0.176 0.186 0.25 
K 0.028 0.042 0.042 0.039 0.032 0.032 0.025 0.039 
Cl 0.167 0.084 0.159 0.176 0.147 0.155 0.162 0.15 
Mg no. 87 86 76 76 84 83 78 80 
Amp-type actinolite actinolite actinolite actinolite actinolite actinolite actinolite actinolite 
D-4 
Slide no. 6714 6714 6169 6169 6169 6168 6168 6168 
SiO2 51.713 52.46 52.183 52.914 53.042 52.892 52.897 53.224 
Al"O 
A1"'O 3.489 2.581 3.446 2.689 2.037 3.433 3.715 1.713 
Fe30 1.451 5.987 3.282 5.089 4.41 5.333 
Fe20 13.88 15.192 11.235 9.406 10.536 10.158 10.187 11.248 
TiO2 0.516 0.387 0.696 
MgO 14.338 12.34 12.681 15.546 14.232 14.096 13.081 15.513 
Mn2O 0.421 0.393 0.531 0.245 0.358 0.312 0.269 
CaO 11.132 11.761 10.143 10.379 10.826 11.062 10.438 14.48 
NaAO 
NaM4O 0.978 0.495 0.675 1.126 0.632 
K20 0.262 0.159 0.155 0.219 0.098 0.206 0.235 0.127 
CIO 1.024 0.455 0.449 0.245 0.354 0.278 0.51 
Si 7.507 7.748 7.58 7.653 7.704 7.59 7.677 7.863 
Al'" 0.493 0.252 0.42 0.347 0.296 0.41 0.323 0.137 
Al" 0.105 0.197 0.17 0.112 0.053 0.171 0.313 0.141 
Fei 0.161 0.654 0.357 0.556 0.476 0.582 
Fee 1.685 1.876 1.365 1.138 1.28 1.219 1.237 1.39 
Ti 0.056 0.042 0.075 
Mg 3.102 2.716 2.745 3.351 3.081 3.015 2.829 3.415 
Mn2 0.052 0.049 0.065 0.03 0.044 0.038 0.034 
Ca 1.732 1.861 1.579 1.609 1.685 1.701 1.623 2.292 
NaA 0.007 0.003 0 0 0 0 0 0.219 
NaM4 0.268 0.139 0.19 0.316 0.178 
K 0.049 0.03 0.029 0.04 0.018 0.038 0.044 0.024 
Cl 0.252 0.11 0.11 0.06 0.086 0.068 0.128 
Mg no. 65 59 67 75 71 71 70 71 
Amp-type actinolite actinolite actinolite actinolite actinolite actinolite actinolite actinolite 
D-5 
Slide no. 6168 6767 6767 6275 6276 6417 6417 6164 
Si02 53.087 52.465 54.636 51.787 53.773 54.357 52.657 53.033 
A1wO 
A1"O 2.871 2.865 0.847 3.917 2.631 2.475 2.418 2.252 
Fe30 6.621 5.311 3.34 3.479 6.749 5.408 
Fe20 5.368 9.776 13.886 10.954 4.899 11.592 13.031 8.665 
Ti02 0.326 0.364 0.299 
MgO 16.811 13.938 13.252 14.474 16.846 15.54 13.77 15.212 
Mn20 0.442 0.326 0.337 0.404 0.419 0.317 
CaO 11.518 10.777 11.097 10.738 11.168 13.239 12.657 9.937 
NaAO 
NaM4O 0.714 0.59 0.799 0.433 0.932 
K20 0.097 0.183 0.142 0.241 0.215 
CIO 0.326 0.732 1.327 0.621 
Si 7.59 7.637 7.935 7.501 7.645 7.787 7.843 7.646 
Al'" 0.41 0.363 0.065 0.499 0.355 0.213 0.157 0.354 
Al"' 0.074 0.129 0.08 0.17 0.086 0.205 0.267 0.029 
Fei 0.648 0.582 0.365 0.379 0.722 0.587 
Fee 0.642 1.19 1.687 1.327 0.582 1.389 1.623 1.045 
Ti 0.036 0.039 0.032 
Mg 3.582 3.024 2.868 3.124 3.569 3.318 3.057 3.269 
Mn2 0.054 0.04 0.041 0.049 0.053 0.039 
Ca 1.965 1.681 1.727 1.666 1.701 2.032 2.02 1.535 
NaA 0 0 0 0 0 0 0 0 
NaM4 0.202 0.166 0.224 0.119 0.261 
K 0 0.018 0 0.034 0.026 0 0.046 0.04 
Cl 0.079 0.18 0.335 0.152 
Mg no. 85 72 63 70 86 70 65 76 
Amp. type actinolite actinolite actinolite actinolite actinolite actinolite actinolite actinolite 
D-6 
Slide no. 6693 6693 6693 6693 6693 6693 6693 6693 
Si02 54.06 61.027 53.331 53.059 56.38 54.656 54.76 55.241 
Al'"O 
APO 3.018 4.528 2.961 2.467 0.941 0.968 0.836 1.221 
Fe30 4.046 2.931 2.563 3.442 3.696 4.276 5.132 5.422 
Fe20 9.406 12.64 14.479 11.283 9.939 12.641 11.097 10.195 
Ti02 0.228 
MgO 14.519 12.783 11.973 14.015 15.549 12.917 13.446 13.72 
Mn20 0.243 0.293 0.479 0.303 0.408 0.369 0.337 0.372 
CaO 10.875 10.625 10.813 10.789 11.28 10.528 10.678 10.516 
NaAO 
NaM40 0.59 0.418 
K20 0.126 0.265 0.101 0.217 
CIO 0.25 0.653 0.504 0.363 0.257 0.272 
Si 7.776 7.501 7.78 7.723 7.958 7.97 7.98 7.975 
Al'" 0.224 0.499 0.22 0.277 0.042 0.03 0.02 0.025 
Al" 0.288 0.285 0.29 0.147 0.115 0.136 0.123 0.183 
Fei 0.438 0.324 0.281 0.377 0.393 0.469 0.563 0.589 
Fee 1.132 1.554 1.767 1.374 1.173 1.542 1.352 1.231 
Ti 0.025 
Mg 3.113 2.8 2.603 3.04 3.271 2.807 2.92 2.952 
Mnz 0.03 0.036 0.059 0.037 0.049 0.046 0.042 0.045 
Ca 1.676 1.673 1.69 1.683 1.706 1.645 1.667 1.627 
NaA 0 0 0 0 0 0 0 0 
NaM4 0.168 0.118 
K 0.023 0.05 0.019 0.04 0 0 0 0 
Cl 0.061 0.163 0.125 0.09 0.061 0.067 
Mg no. 73 64 60 69 74 65 68 71 
Amp. type actinolite actinolite actinolite actinolite actinolite actinolite actinolite actinolite 
D-7 
Slide no. 6693 6693 6693 6693 6693 6693 6693 6693 
Si02 52.572 55.041 53.135 54.795 55.231 55.697 56.113 53.649 
AP"O 
APO 2.787 1.373 3.307 1.227 1.035 0.791 0.779 4.148 
Fe30 1.16 5.196 6.934 4.993 4.122 4.024 4.013 5.247 
Fe20 13.568 10.88 7.695 10.734 11.697 11.915 11.657 10.981 
Ti02 2.048 0.48 0.299 
MgO 13.368 13.748 14.822 13.637 13.519 13.663 13.953 12.725 
Mn20 0.307 0.393 0.361 0.353 0.252 0.374 0.326 0.266 
CaO 11.258 10.394 10.343 10.756 10.931 10.581 11.03 10.47 
NaAO 
NaM40 0.443 0.491 0.462 0.476 
K20 0.182 0.146 
CIO 0.232 0.393 0.365 
Si 7.611 7.907 7.554 7.95 8.005 8.018 8.028 7.657 
Al'" 0.389 0.093 0.446 0.05 0 0 0 0.343 
AI"' 0.086 0.14 0.108 0.16 0.177 0.134 0.131 0.355 
Fei 0.126 0.562 0.742 0.545 0.45 0.436 0.432 0.564 
Fee 1.643 1.307 0.915 1.302 1.418 1.435 1.395 1.311 
Ti 0.051 0.032 
Mg 2.884 2.943 3.14 2.949 2.92 2.931 2.975 2.707 
Mn2 0.038 0.048 0.043 0.043 0.031 0.046 0.04 0.032 
Ca 1.746 1.6 1.576 1.672 1.682 1.632 1.691 1.601 
NaA 0 0 0 0 0 0 0 0 
NaM4 0.124 0.135 0.129 0.132 
K 0 0 0.031 0 0 0 0 0.027 
Cl 0.057 0.096 0.088 
Mg no. 64 69 77 69 67 67 68 67 
Amp. type actinolite actinolite actinolite actinolite actinolite actinolite actinolite actinolite 
D-8 
Slide no. 6693 6693 6693 6693 6693 6693 6169 6169 
Si02 54.078 54.067 53.859 53.926 52.066 54.594 51.864 51.967 
Al"O 
Al"O 2.308 2.211 3.572 1.982 2.471 0.917 3.392 3.252 
Fe30 3.576 6.5 3.648 6.162 6.536 5.207 7.559 9.432 
Fe20 11.081 7.955 11.093 10.548 8.641 11.327 6.695 5.655 
TiO2 0.661 0.245 0.423 0.426 0.366 
MgO 14.464 14.815 12.979 13.228 14.352 13.524 15.186 15.203 
Mn20 0.421 0.299 0.468 0.357 0.405 0.431 0.429 0.396 
CaO 10.871 10.927 9.891 10.448 9.675 10.569 9.329 9.511 
NaAO 
NaM4O 0.523 0.596 0.434 0.531 0.436 0.816 0.618 
K20 0.137 0.238 0.113 0.289 0.194 
CIO 0.408 0.347 0.745 0.938 0.766 
Si 7.711 7.746 7.794 7.812 7.59 7.922 7.453 7.432 
Al" 0.289 0.254 0.206 0.188 0.41 0.078 0.547 0.548 
Al"' 0.099 0.12 0.404 -0.151 0.015 0.079 0.028 0 
Fei 0.384 0.701 0.397 0.672 0.717 0.569 0.817 1.015 
Fee 1.321 0.953 1.343 1.278 1.054 1.375 0.805 0.676 
Ti 0.071 0.026 0.046 0.046 0.039 
Mg 3.074 3.163 2.799 2.856 3.118 2.925 3.252 3.24 
Mn2 0.051 0.036 0.057 0.044 0.05 0.053 0.052 0.048 
Ca 1.661 1.678 1.534 1.622 1.511 1.643 1.436 1.458 
NaA 0 0 0 0 0 0 0 0 
NaM4 0.145 0.167 0.122 0.15 0.123 0.227 0.171 
K 0 0.025 0 0 0.044 0.021 0.053 0.035 
Cl 0.099 0.085 0.184 0.228 0.186 
Mg no. 70 77 68 69 75 68 80 83 
Amp. type actinolite actinolite actinolite actinolite actinolite actinolite actinolitic actinolitic 
hornblende hornblende 
D-9 
Slide no. 
SiO2 
AP"O 
A1"O 
Fe30 
Fe2O 
TiO2 
MgO 
Mn10 
CaO 
NaAO 
NaM40 
K20 
C10 
Si 
Al" 
Al"' 
Fei 
Fee 
Ti 
Mg 
Mn2 
Ca 
NaA 
NaM4 
K 
Cl 
Mg no. 
Amp. type 
6767 6276 6417 6693 6275 6276 6276 
51.355 52.113 52.004 51.779 50.739 51.504 51.982 
4.268 
9.817 
5.144 
15.438 
0.271 
9.78 
3.285 3.433 2.932 3.818 3.388 3.23 
7.149 8.658 4.123 7.733 7.328 8.033 
6.635 5.419 12.214 5.584 6.05 4.709 
0.479 0.249 0.529 1.663 0.556 0.329 
15.426 15.73 13.729 15.154 15.68 16.424 
0.361 0.449 0.452 0.264 0.373 0.407 
9.545 9.385 9.417 10.122 9.731 9.789 
0.853 0.738 0.977 0.849 0.444 0.678 1.07 
0.156 0.189 0.18 0.175 0.145 0.178 
0.75 0.889 0.881 1.529 0.324 0.88 0.706 
7.311 7.48 7.42 7.496 7.346 7.425 7.439 
0.689 0.52 0.577 0.5 0.652 0.575 0.545 
0.028 0.036 0 0 0 0.001 0 
1.052 0.772 0.93 0.449 0.843 0.795 0.865 
0.613 0.796 0.647 1.479 0.676 0.729 0.564 
0.052 0.027 0.058 0.181 0.06 0.035 
3.276 3.3 3.345 2.962 3.27 3.369 3.503 
0.033 0.044 0.054 0.055 0.032 0.046 0.049 
1.492 1.468 1.435 1.461 1.57 1.503 1.501 
0 0 0 0 0 0 0 
0.235 0.205 0.27 0.238 0.125 0.19 0.297 
0.028 0.035 0.033 0.032 0.027 0.033 0 
0.181 0.216 0.213 0.375 0.08 0.215 0.171 
84 81 84 67 83 82 86 
actinolitic actinolitic actinolitic actinolitic actinolitic actinolitic actinolitic 
hornblende hornblende hornblende hornblende hornblende hornblende hornblende 
D-10 
Slide no. 6417 6417 4616 6714 6169 6168 6767 
Si02 50.374 49.94 49.075 51.159 51.106 51.07 51.337 
A1'"O 
Al"O 2.041 1.123 4.981 3.606 4.5 3.831 4.419 
Fe30 1.921 1.015 1.754 5.555 3.689 3.162 
Fe20 16.311 16.456 17.844 12.479 10.076 11.323 10.587 
TiO2 0.34 0.553 2.212 0.415 1.029 
MgO 12.878 14.289 11.288 14.455 13.561 14.366 14.211 
Mn20 0.585 0.437 0.397 0.276 0.283 0.448 0.469 
CaO 12.75 12.68 11.685 11.105 10.57 9.78 11.483 
NaAO 
NaM4O 1.002 0.966 0.889 0.923 0.523 
K20 0.304 0.255 0.375 0.353 0.254 0.281 0.132 
CIO 0.36 1.499 1.177 0.777 0.346 1.533 0.313 
Si 7.479 7.423 7.309 7.443 7.413 7.382 7.405 
A1f' 0.357 0.197 0.691 0.557 0.587 0.618 0.595 
Al" 0 0 0.184 0.061 0.182 0.035 0.156 
Fei 0.215 0.113 0.192 0.606 0.401 0.343 
Fee 2.025 2.046 2.223 1.518 1.222 1.369 1.277 
Ti 0.038 0.061 0.023 0.045 0.112 
Mg 2.85 3.165 2.506 3.134 2.931 3.095 3.055 
Mn2 0.074 0.055 0.05 0.034 0.035 0.055 0.057 
Ca 2.028 2.02 1.865 1.731 1.643 1.515 1.775 
NaA 0.174 0 0.154 0.004 0 0 0 
NaM4 0.135 0.269 0.25 0.259 0.146 
K 0.058 0.048 0.071 0.066 0.047 0.052 0.024 
Cl 0.091 0.378 0.297 0.192 0.085 0.376 0.077 
Mg no. 58 61 53 67 71 69 71 
Amp. type actinolitic actinolitic actinolitic actinolitic actinolitic actinolitic actinolitic 
hornblende hornblende hornblende hornblende hornblende hornblende hornblende 
D-11 
Slide no. 6767 6275 6417 6693 6164 6169 6169 
Si02 52.296 51.363 51.299 46.739 47.423 48.995 50.086 
Al "O 
A1"'O 4.22 3.391 4.94 6.025 6.166 5.282 4.663 
Fe30 3.278 6.613 6.056 5.707 2.544 1.872 5.303 
Fe20 8.743 7.658 6.689 12.908 13.657 11.895 9.335 
Ti02 0.643 0.676 0.894 1.679 0.786 0.614 
MgO 15.433 14.828 14.922 11.89 12.672 14.378 14.928 
Mn20 0.189 0.34 0.416 0.38 0.402 0.414 0.394 
CaO 9.922 10.233 10.835 12.567 10.895 9.74 9.391 
NaAO 
NaM40 1.024 0.802 1.149 1.28 1.373 
K20 0.238 0.22 0.135 0.471 0.729 0.465 0.363 
ClO 0.878 0.419 0.463 0.921 1.796 1.558 
Si 7.496 7.449 7.366 6.986 6.965 7.161 7.201 
Al" 0.504 0.551 0.634 1.014 1.035 0.839 0.79 
Al"' 0.209 0.029 0.202 0.048 0.032 0.071 0 
Fei 0.354 0.722 0.654 0.642 0.281 0.206 0.574 
Fee 1.048 0.929 0.803 1.614 1.678 1.454 1.122 
Ti 0.069 0.074 0.097 0.185 0.086 0.066 
Mg 3.297 3.205 3.193 2.649 2.774 3.132 3.198 
Mn2 0.023 0.042 0.05 0.048 0.05 0.051 0.048 
Ca 1.524 1.59 1.667 2.013 1.714 1.525 1.447 
NaA 0 0 0 0.209 0.042 0 0 
NaM4 0.285 0.226 0.286 0.363 0.383 
K 0.044 0.041 0.025 0.09 0.137 0.087 0.067 
Cl 0.213 0.103 0.113 0.229 0.445 0.38 
Mg no. 75 78 80 62 62 68 74 
Amp. type actinolitic actinolitic actinolitic magnesio- magnesio- magnesio- magnesio- 
hornblende hornblende hornblende hornblende hornblende hornblende hornblende 
D-12 
Slide no. 6169 6168 6168 6275 6275 6276 6693 
Si02 50.205 49.133 50.351 48.698 49.39 50.076 48.148 
Al 'O 
A1"O 4.733 6.267 5.631 6.337 5.805 5.849 6.232 
Fe30 4.979 15.626 7.554 6.377 6.416 7.104 4.923 
Fe20 8.364 1.526 5.579 6.941 7.546 6.531 9.862 
TiO2 0.655 0.917 0.241 1.412 1.29 0.562 1.506 
MgO 15.303 13.961 15.396 15.26 15.009 14.71 13.556 
Mn20 0.355 0.346 0.321 0.266 0.442 
CaO 9.603 9.626 11.237 9.239 9.547 10.36 9.541 
NaAO 
NaM40 1.164 2.398 2.149 0.968 2.129 
K20 0.335 0.135 0.17 0.464 0.456 0.204 0.533 
CIO 1.378 0.277 0.564 0.943 0.577 0.42 0.678 
Si 7.242 6.992 7.214 6.989 7.078 7.205 7.02 
A1I" 0.758 1.008 0.786 1.011 0.922 0.795 0.98 
Al"' 0.047 0.044 0.165 0.062 0.059 0.197 0.092 
Fei 0.54 0.814 0.689 0.692 0.769 0.54 
Fee 1.009 0.182 0.668 0.833 0.904 0.786 1.203 
Ti 0.071 0.098 0.026 0.152 0.139 0.061 0.165 
Mg 3.29 2.961 3.287 3.264 3.206 3.154 2.946 
Mn2 0.043 0.042 0.039 0.032 0.055 
Ca 1.484 1.468 1.725 1.421 1.466 1.597 1.491 
NaA 0 0 0 0.088 0.063 0 0.093 
NaM4 0.326 0.579 0.534 0.27 0.509 
K 0.062 0.025 0.031 0.085 0.083 0.037 0.099 
Cl 0.337 0.067 0.137 0.181 0.14 0.102 0.168 
Mg no. 77 94 83 80 78 80 71 
Amp. type magnesio- magnesio- magnesio- magnesio- magnesio- magnesio- magnesio- 
homblende hornblende hornblende hornblende hornblende hornblende hornblende 
D-13 
Slide no. 
Si02 
A1'"O 
Al"O 
Fe30 
Fe20 
Ti02 
MgO 
Mn20 
CaO 
NaAO 
NaM40 
K20 
C10 
Si 
All" 
Al"' 
Fei 
Fee 
Ti 
Mg 
Mn2 
Ca 
NaA 
NaM4 
K 
Cl 
Mg no. 
Amp. type 
6693 6693 6275 6275 6275 6275 6275 
48.474 48.474 49.178 48.514 50.094 50.293 50.344 
6.058 6.264 6.051 6.109 4.607 4.827 5.129 
5.749 5.451 7.723 8.027 8.965 7.83 9.374 
9.054 8.933 5.766 5.583 4.478 5.876 3.938 
1.276 1.295 1.378 1.294 0.87 1.133 0.905 
13.792 14.425 15.47 15.422 15.851 15.478 16.053 
0.457 0.284 0.376 0.219 0.328 0.355 
9.5 9.661 9.146 9.3 9.39 9.626 9.455 
1.965 2.128 2.357 2.237 1.629 1.371 1.938 
0.556 0.553 0.42 0.511 0.284 0.372 0.367 
0.693 0.816 0.728 0.649 0.471 0.692 0.399 
7.048 6.991 6.998 6.964 7.212 7.186 7.141 
0.952 1.009 1.002 1.034 0.782 0.813 0.858 
0.086 0.056 0.013 0 0 0 0 
0.629 0.592 0.827 0.867 0.971 0.842 1.001 
1.101 1.077 0.686 0.67 0.539 0.702 0.467 
0.14 0.14 0.147 0.14 0.094 0.122 0.097 
2.988 3.1 3.281 3.299 3.401 3.296 3.394 
0.056 0.035 0.045 0.027 0.04 0.043 
1.48 1.493 1.395 1.43 1.449 1.474 1.437 
0.034 0.088 0.045 0.056 0 0 0 
0.52 0.507 0.605 0.567 0.455 0.38 0.533 
0.103 0.102 0.045 0.094 0.052 0.068 0.066 
0.171 0.199 0.176 0.158 0.115 0.168 0.096 
73 74 83 83 86 82 88 
magnesio- magnesio- magnesio- magnesio- magnesio- magnesio- magnesio- 
homblende hornblende hornblende hornblende hornblende hornblende hornblende 
D-14 
Slide no. 
Si02 
A1'"O 
Al"O 
Fe30 
Fe20 
Ti02 
MgO 
Mn20 
CaO 
NaAO 
NaM40 
K20 
C10 
Si 
Af" 
A1"; 
Fe3 
Fee 
Ti 
Mg 
Mn2 
Ca 
NaA 
NaM4 
K 
Cl 
Mg no. 
Amp. type 
6275 6275 6164 6164 6164 6164 6164 
48.785 50.6 41.256 41.921 40.958 41.561 42.841 
6.172 5.44 11.808 12.279 11.813 11.341 11.105 
8.091 7.661 3.569 3.359 2.689 1.904 3.297 
6.194 5.733 10.575 9.62 11.712 12.015 8.783 
1.43 1.04 2.75 3.079 3.275 3.948 3.222 
15.027 15.805 11.984 12.898 11.748 11.893 13.938 
0.304 0.255 0.187 0.348 0.276 0.283 
9.49 9.302 11.101 11.463 11.057 11.307 11.228 
1.798 2.203 2.398 2.875 2.615 2.69 2.685 
0.431 0.404 0.907 0.785 0.891 0.83 0.746 
0.776 0.512 0.226 0.326 0.266 
6.965 7.157 6.175 6.137 6.122 6.186 6.244 
1.035 0.843 1.825 1.863 1.878 1.814 1.756 
0.004 0.064 0.259 0.256 0.204 0.176 0.152 
0.869 0.815 0.402 0.37 0.302 0.213 0.362 
0.74 0.678 1.324 1.178 1.464 1.496 1.071 
0.154 0.111 0.31 0.339 0.368 0.442 0.353 
3.197 3.332 2.673 2.834 2.617 2.638 3.028 
0.037 0.032 0.023 0.044 0.035 0.035 
1.452 1.41 1.78 1.798 1.771 1.803 1.753 
0 0.014 0.476 0.614 0.529 0.58 0.512 
0.498 0.59 0.22 0.202 0.229 0.197 0.247 
0.079 0.073 0.173 0.147 0.17 0.158 0.139 
0.188 0.123 0.057 0.083 0.066 
81 83 67 71 64 64 74 
magnesio- magnesio- hastingsite hastingsite hastingsite hastingsite hastingsite 
hornblende hornblende 
D-15 
Slide no. 6164 6714 6714 6714 6714 6714 6714 
SiO2 41.397 41.396 41.819 41.038 41.835 42.13 42.608 
AI'"O 
Al"O 12.278 11.488 11.664 11.763 11.943 11.647 11.518 
Fe30 4.658 3.269 4.4 4.641 4.322 4.166 5.675 
Fe20 7.83 12.118 8.226 10.968 8.294 10.044 6.446 
Ti02 2.86 3.222 3.202 - 3.066 2.934 3.218 3.069 
MgO 13.406 11.327 13.214 11.057 13.155 12.513 14.075 
Mn20 0.342 0.39 0.262 0.27 0.389 0.428 
CaO 11.413 10.909 11.121 10.781 11.257 11.144 11.092 
NaAO 
NaM40 2.443 2.595 2.71 2.596 2.528 2.833 2.773 
K20 0.94 0.86 0.845 0.792 0.929 0.843 0.672 
CIO 0.264 
Si 6.112 6.176 6.164 6.162 6.17 6.193 6.189 
Al" 1.888 1.824 1.836 1.838 1.83 1.807 1.811 
Al" 0.249 0.197 0.191 0.244 0.247 0.159 0.162 
Fei 0.517 0.367 0.488 0.524 0.48 0.461 0.62 
Fee 0.967 1.512 1.014 1.377 1.023 1.235 0.783 
Ti 0.318 0.362 0.355 0.346 0.325 0.356 0.335 
Mg 2.95 2.519 2.903 2.474 2.891 2.741 3.047 
Mn2 0.043 0.049 0.033 0.034 0.048 0.053 
Ca 1.805 1.744 1.755 1.735 1.779 1.755 1.726 
NaA 0.505 0.495 0.531 0.49 0.499 0.563 0.507 
NaM4 0.195 0.255 0.244 0.265 0.221 0.245 0.274 
K 0.177 0.164 0.159 0.152 0.175 0.158 0.125 
Cl 0.067 
Mg no. 75 62 74 64 74 69 80 
Amp. type hastingsite hastingsite hastingsite hastingsite hastingsite hastingsite hastingsite 
D-16 
Slide no. 6714 6714 6714 6714 6714 6714 6164 
Si02 40.643 40.999 42.965 42.776 40.788 42.033 41.836 
A1'"O 
A1"O 11.665 11.993 10.91 10.947 10.993 11.88 11.204 
Fe30 3.407 2.569 4.014 3.416 2.335 3.35 1.497 
Fe20 8.434 10.01 8.32 10.355 14.717 10.33 13.874 
TiO2 3.878 3.648 2.98 3.233 3.085 3.085 3.692 
MgO 13.207 13.15 13.539 12.763 10.016 12.612 11.21 
Mn2O 0.288 0.308 0.279 0.28 0.279 0.276 
CaO 10.744 11.47 11.181 10.767 10.765 11.206 11.072 
NaAO 
NaM4O 2.994 2.737 2.623 2.789 2.601 3.124 2.706 
K20 0.771 0.773 0.619 0.703 0.979 0.728 0.922 
CIO 0.294 0.307 0.275 0.263 
Si 6.1 6.055 6.312 6.276 6.216 6.171 6.216 
Al" 1.9 1.945. 1.688 1.724 1.784 1.829 1.784 
Al" 0.164 0.143 0.202 0.17 0.192 0.227 0.179 
Fei 0.385 0.285 0.444 0.377 0.268 0.37 0.167 
Fee 1.059 1.236 1.022 1.271 1.876 1.268 1.724 
Ti 0.438 0.405 0.329 0.357 0.354 0.341 0.413 
Mg 2.954 2.894 2.964 2.791 2.275 2.759 2.482 
Mn2 0.036 0.038 0.035 0.036 0.035 0.035 
Ca 1.728 1.815 1.76 1.693 1.758 1.763 1.763 
NaA 0.599 0.599 0.507 0.486 0.527 0.652 0.542 
NaM4 0.272 0.185 0.24 0.307 0.242 0.237 0.237 
K 0.148 0.146 0.116 0.132 0.19 0.136 0.175 
Cl 0.074 0.076 0.071 0.066 
Mg no. 74 70 74 69 55 69 59 
Amp. type hastingsite hastingsite hastingsite hastingsite hastingsite hastingsite pargasite 
D-17 
Slide no. 6164 6164 6714 6714 6714 6714 6714 
Si02 41.221 42.282 42.236 40.857 41.768 40.349 41.741 
A1wO 
A1"'O 11.993 11.274 11.553 11.627 11.549 11.207 12.717 
Fe30 1.675 2.167 2.182 1.263 1.769 1.135 4.002 
Fe2O 12.279 12.099 12.341 12.179 10.861 13.846 8.695 
TiO2 3.124 3.116 2.867 3.969 2.94 3.248 
MgO 11.879 11.745 11.68 2.653 12.983 10.721 13.356 
Mn2O 0.317 0.307 0.33 0.238 0.416 
CaO 11.307 10.837 11.542 1.837 11.385 10.677 11.873 
NaAO 
NaM4O 2.803 2.596 2.511 2.568 2.862 2.908 2.987 
K20 0.849 0.829 0.952 0.827 0.774 0.82 0.787 
CIO 0.26 0.301 0.256 0.353 
Si 6.145 6.287 6.263 6.155 6.201 6.188 6.243 
Al" 1.855 1.713 1.737 1.845 1.799 1.812 1.757 
Al" 0.252 0.263 0.283 0.22 0.223 0.214 0.485 
Fei 0.188 0.242 0.243 0.143 0.198 0.131 0.45 
Fee 1.531 1.505 1.531 1.534 1.329 1.776 1.088 
Ti 0.35 0.348 0.32 0.45 0.328 0.375 
Mg 2.639 2.603 2.581 2.653 2.873 2.45 2.977 
Mn2 0.04 0.039 0.041 0.03 0.054 
Ca 1.806 1.727 1.834 1.837 1.811 1.755 1.903 
NaA 0.616 0.475 0.556 0.587 0.635 0.619 0.769 
NaM4 0.16 0.273 0.166 0.163 0.189 2.45 0.097 
K 0.61 0.157 0.18 0.159 0.147 0.16 0.15 
Cl 0.066 0.076 0.064 0.092 
Mg no. 63 63 63 63 68 58 73 
Amp. type pargasite pargasite pargasite pargasite pargasite pargasite pargasite 
D-18 
Appendix E 
Formula used for the viscosity calculations (Shaw, 1972; McBirney, 1993) 
This calculation gives the liquid viscosity of the melt in poise log units. The weight percentages 
of the oxide components are initially recalculated to 100%, then they are converted to cation 
proportions. Temperature is in °K (°C + 273). Since the water content of the magmas is 
unknown it is regarded as being zero for the purpose of these calculations. 
Si=SiO2/60.08 
Ti=Ti02/79.89 
A1=A1203/50.98 
F3=Fe2O3/79.84 
F2=FeO/71.84 
Mn=MnO/70.93 
Mg=MgO/40.3 
Ca=CaO/56.98 
Na=Na2O/30.98 
K=K20/47.09 
H=H20/18.02 
P=P205/70.97 
The data is normalised to 100 
FM=F3+F2+Mn+Mg 
NK=N+K 
C=Si+Ti+A1+FM+Ca+(NK+P)/2+H 
Q1=Al*6.7 
Q2=FM*3.4 
Q3=(Ca+Ti)*4.5 
Q4=NK* 1.4 
Q5=H*2 
QT=(Q 1 +Q2+Q3+Q4+Q5) *S i/C 
X=(QT/(1-S i/C) * (10000/T-1.5))-6.4 
log 11°=X/2.303 
Where: log il"--the viscosity of the liquid 
E-1 
Appendix F 
Formula used for density calculations (Bottinga and Weill, 1972). 
The weight percentage of the oxides is recalculated into molecular proportions. 
Temperature=(°C-1400) * 10"5 
Z1=Si02*27.03 
Z2=TiO2*22.6*(1+T*26.7) 
Z3=A1Oi. 5*36.63/2*(1+T* 14.7) 
Z4=FeO1_5*43.73/2*(1+T* 12.2) 
Z5=(FeO+MnO)* 13.85*(1+T*31.2) 
Z6=Mg O* 11.43 * (1 +T * 9.4) 
Z7=CaO* 16.32*(1+T*38.4) 
Z8=NaO0.5* 14.39*(1+T*23.5) 
Z9+KO0.5 *22.965 * (1 +T*24.9) 
Density=100/(Z 1 +Z2+Z3+Z4+Z5+Z6+Z7+Z8+Z9) 
F-I 
